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HETEROSIS AND GENETIC VARIANCE IN HYBRIDS BETWEEN 
INBRED LINES OF DROSOPHILA MELANOGASTER IN 
RELATION TO THE LEVEL OF HOMOZYGOSITY 


A. O. TANTAWY 


Faculty of Agriculture, University of Alexandria, Alexandria, Egypt 


Received September 17, 1956 


yee JUGH exploitation of heterosis in hybrid maize is so far the most successful 
single achievement of applied genetics, understanding of the causes responsible 
for this phenomenon remains still unsatisfactory. Much of the work on heterosis has 
been purely empirical and descriptive. Analytical studies have been conspicuously 
rare, and this in spite of the fact that heterosis is a term which, as most geneticists 
agree, is being applied to a group of ‘‘scarcely related phenomena” (DoBZzHANSKY 
1950). Only in recent years has interest in the investigation of the genetic bases of 
heterosis asserted itself. A symposium on heterosis was held in 1950 (edited by 
GOWEN 1952). Crow (1952), DoszHANsky (1952), HAGBERG (1953), MATHER (1955), 
RENDEL (1953) and others have discussed the different genetic mechanisms which 
may bring heterosis about. 

Drosophila is the most important animal which has been used for experimental 
investigations of heterosis. Two main methods have been utilized. First, observations 
and experiments on the behavior of inverted sections of chromosomes in natural and 
laboratory populations have been described by DoszHAnsky and his colleagues. 
Secondly, lines inbred by different methods are crossed, and different morphological 
and physiological characteristics of the hybrids and the inbreds measured and 
compared (ROBERTSON and REEVE 1952, 1954, 1955a, b; RAsMusoN 1952; CLARKE 
and MAYNARD SmitH 1955; Tanrawy 1955 and others). The results obtained are 
variable for different traits and different situations. In order to understand these 
variations, careful analysis of the genetic systems by which the inbreeding has been 
brought about is indispensable. 

The experiments reported in the present communication have been designed to 
study the relationships between the rates of inbreeding and the observed inbreeding 
degeneration and restoration of heterosis by crossing. The relation between the 
genetic variances observed in the inbred lines and in the hybrids between them has 
also been studied. 


MATERIALS AND TECHNIQUES 

The stock used in the present experiments is the Crianlarich stock of Drosophila 
melanogaster, which has been kept in the laboratory in populations of 20 pairs of flies 
per bottle. The same stock has been used by Tantawy (1956b, 1957) and by 
ROBERTSON and REEVE (1955a, b). 

In the present study two systems of mating have been used, starting with the initial 
foundation population. These systems are (a) Brother-sister, and (b) Double-first 
cousin matings. The details of these systems of mating have been explained elsewhere 
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by Tantawy (1956b). In each system of mating five parallel lines have been main- 
tained. The general procedure in maintaining these lines and the heritability es- 
timates for wing and thorax length in the foundation population as well as in the 
different inbred lines have been given by Tantawy (1957). 

At approximately the same theoretically computed levels of homozygosity, i.e. at 
25 percent, 50 percent and 75 percent inbreeding coefficients, the five parallel inbred 
lines within each system of mating were intercrossed; the hybrids were examined for 
indications of heterosis, using as criteria wing and thorax length and also percentage 
emergence of adults from a given number of eggs. From each cross five pair matings 
were made, allowed to mature for three days, and then transferred to oviposition vials 
for collection of eggs. Eggs were cultured in vials (not more than 70 eggs in each vial) 
containing the usual cornmeal-molasses-agar medium fortified with additional dried 
baker’s yeast and well yeasted with live yeast. The eggs were collected and cultured, 
from each pair mating, on four successive days. The number of eggs cultured, and of 
adults hatched in each culture, were recorded to estimate the percentage emergence. 
Wing and thorax length were measured on ten pairs of progeny (ten males and ten 
females), from each of the 50 pair matings in each system and from each culture on 
the first two days. 

At 25 percent, 50 percent and 75 percent coefficients of inbreeding, in each system 
of mating, progeny tests have been carried out to estimate the heritability of body 
size in the F. from crosses between the inbred lines. At the known rate of inbreeding 
within each system of mating, ten such F». families have been established, one family 
from each cross. In each F». five males and five virgin females were measured, and 
four pairs were mated assortatively, i.e. first largest male to first largest female, 
second largest male to second largest female, and first smallest male to first smallest 
female, second smallest male to second smallest female. These forty pair matings from 
the ten families were fed for three days and then transferred to oviposition vials for 
collection of eggs which were introduced into cultures on four successive days. After 
emergence five females were measured on each of the first two days, which gives 400 
females in each progeny test. 

Genelic parameters of the initial population 

Two progeny tests have been carried out in the initial foundation stock. The 
heritability of wing and thorax lengths and the genetic correlation between them are 
reported by Tantawy (1957). The weighted means of the heritability estimates 
derived from the various progeny tests are 38.51 + 4.30 percent and 37.77 + 4.80 
percent for wing and thorax length respectively, with an average genetic correlation 
of 0.74 between them. 


Heritability estimates in inbred lines and in hybrids 


Heritability estimates for wing and thorax length with the two systems of mating, 
derived from the regression of offspring size of mid-parent size, are presented in table 
1 for wing and for thorax length. As the female progeny only were measured, the 


heritability estimates were corrected, at the levels of homozygosity studied, for the 
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TABLE 1 


Heritability in inbred lines and crosses at different levels of inbreeding 


Wing Length 


Inbred Lines Hybrids 
Mating System F;. Theoreti Ratio 
cal* h?2 ol 1 
Observed h? N Theoreti h? N 
reoreti 
cal 

Brother-sister 25.0 | 31.95 | 43.98 4+ 7.48 40 1.4 27.36 + 8.18 38 
50.0 | 23.84 | 37.54 + 6.48 37 1.6 51.42 + 4.57 36 
73.4 | 14.26 | 15.13 + 8.83 37 m5 48.10 + 6.70 37 
Double-first cousin 25.0 | 31.95 | 39.40 + 5.65 40 1.2 49.29 + 5.09 40 
50.8 | 23.70 | 34.04 + 7.93 37 1.4 28.12 + 7.14 38 
74.8 | 13.62 | 29.47 + 3.52 39 | 26.14 + 4.37 40 

Control 0 38.56 + 4.30 144 

Thorax Length 

Brother-sister 25.0 | 31.28 | 27.76 + 6.33 40 0.9 53.61 + 9.02 38 
50.0 | 23.28 | 21.70 + 7.15 37 0.9 47.19 + 10.67 36 
73.4 13.88 | 14.79 + 8.41 37 Lea 59.14 + 10.04 37 
Double-first 25.0 | 31.28 | 44.03 + 10.48 40 1.4 41.86 + 6.63 40 
cousin 50.8 | 22.99 | 37.89 + 11.67 37 1.6 26.27 + 8.30 38 
74.8 | 13.25 | 28.92 + 7.61 39 2:3 32.81 + 8.30 40 

Control 0 37.77 4.20 144 


* Derived from F: from crosses between inbred lines. 
absence of male measurements with the aid of the equation given by TANTAWyY 
1957). In each case the theoretically expected decline of the heritability estimates 
from the starting point is computed with the aid of Wricut’s equation (1921). 

At the lower level of inbreeding the heritability estimates for wing and thorax 
length do not differ significantly from the value found in the parent population. At 
75 percent coefficient of inbreeding, lines inbred by brother-sister mating show a 
definite decline and the observed heritability agrees well with the theoretically 
computed value. With a milder rate of inbreeding, however, the decline is much less, 
presumably due to the action of natural selection in slowing down the rate of approach 
to homozygosis. The contrast is clearly seen in the ratio of observed to theoretical! 
heritability at the different levels in inbreeding. These results are in agreement with 
those reported by TANTAWwy and REEVE (1956) in a similar study based on four dif- 
ferent mating systems and by TANtTAwy (1956a, b). 

When the inbred lines are crossed within each system of mating, the heritability 
estimates derived from the F, generally exceed the values found in the parent lines 
and are about the same as the estimate derived from the parent population. 
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TABLE 2 
Wing and thorax length (in microns) for inbred lines and hybrids between them at different coefficients of 


inbreeding (F 


Wings 
Mating Inbreds Hybrids katate 
Fx 
system percentage 
Size N Size N 
Brother Controls 1901.23 + 7.04 80 1901.23 + 7.04 80 
sister 25.00 1890.02 + 2.07 200 1895.00 + 1.21 964 0.27 + 0.15 
50.00 1849.14 + 3.18 191 1868.30 + 2.48 1000 1.04 + 0.41* 
73.44 1831.54 + 2.48 | 195 1877.50 + 6.27 908 2.51 + 0.84* 
Double 25.00 1892.37 + 2.54 200 1899.70 + 3.78 1000 0.39 + 0.27 
cousins 50.78 1898.36 + 2.69 200 1910.21 + 5.03 1000 0.63 + 0.92 
74.82 1895.64 + 2.93 | 200 | 1911.29 + 4.18 | 1000 0.83 + 0.32 
Thorax 
Brother Controls 967.60 + 8.29 80 967.60 + 8.29 80 
sister 25.00 955.61 + 1.03 200 952.07 + 1.72 964 0.37 + 0.22 
50.00 951.20 + 2.33 191 955.72 + 2.36 | 1000 0.48 + 0.37 
73.44 939.32 + 4.96 | 195 956.88 + 4.66 908 1.87 + 0.627 
Double 25.00 966.05 + 1.20 200 959.77 + 3.27 1000 —0.65 + 0.44 
cousins 50.78 979.63 + 1.33 200 983.67 + 2.03 1000 0.41 + 0.21 
74.82 963.78 + 1.57 200 974.74 + 1.94 | 1000 1.14 + 0.397 
N = Number of flies measured 
+ = Significant at the level of 2 percent 


* = Significant at the level of 5 percent 


Heterosis in wing and thorax length 


Table 2 shows that the reduction of average size, measured as either wing or thorax 
length, follows essentially the same pattern as that revealed in the study of herita- 
bility. Lines inbred by brother-sister mating, show significant decrease in size at 
higher levels of inbreeding, while, with cousin mating, the decrease is very slight even 
at the highest theoretical level. Tantawy and REEVE (1956) noted a similar tendency 
for body size to decline only at higher levels of inbreeding. 

When the inbred lines within each system of mating are intercrossed, the F; 
generally exceeds the mid-parent level (table 3). The percentage heterosis i.e. ratio of 
average IF to average parent size, tends to be greater in the brother-sister than the 
double-first cousin series, especially at 75 percent level of inbreeding. Evidently the 
magnitude of this heterosis is closely related to the extent to which the parent lines 
have declined below the level of the outbred stock. 


Phenotypic variation 


Table 3 shows the phenotypic variation in the inbred lines and crosses in terms of 
coefficient of variation. In wing length, inbreeding leads to a decline in the coefficient 
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TABLE 3 


Coefficients of variation for wing and thorax length in inbred lines and hybrids belween them at different 


coefficients of inbreeding (F,) 


Brother-sister Double-first cousins 
Item 
Fy Inbreds Hybrids Fx Inbre ds Hybrids 
Wing Controls | 2.42 + 0.07. 2.42 + 0.07 Controls | 2.42 + 0.07 | 2.42 + 0.07 
25.00 2.57 + 0.10 | 2.00 + 0.05 25.00 2.40 + 0.04 | 2.05 + 0.04 
50.00 1.95 + 0.11 1.76 + 0.03 50.78 1.92 + 0.10 | 1.82 + 0.03 
73.44 1.54 + 0.06 | 1.23 + 0.03 74.82 1.92 + 0.08 1.70 + 0.02 
Thorax Controls | 2.76 + 0.10 2.76 + 0.10 | Controls | 2.76 + 0.10 | 2.76 + 0.10 
25.00 | 3.58 + 0.10 2.73 + 0.08 25.00 | 3.28 + 0.08 | 2.68 + 0.13 
50.00 2.26 + 0.11 2.27 + 0.04 50.78 2.48 + 0.09 2.28 + 0.06 
73.44 2.24 + 0.07 | 2.20 + 0.03 74.82 2.85 + 0.09 2.13 + 0.06 


of variation from about 2.4 in the foundation stock, to 1.54 and 1.92 in the brother- 
sister and double-first cousin series at the theoretical level of 75 percent and this is 
reasonably consistent with the progeny test data. But, in the case of thorax length, 
the decline is relatively less for both mating systems and, in the milder system of in- 
breeding, there is really no evidence of any decline of variability. There is no obvious 
explanation for this discrepancy between the two dimensions. It may be related to the 
tendency for inbreeding to increase the relative importance of environmental varia- 
tion (ROBERTSON and REEVE 1955b); there is probably evidence of this effect in the 
regularity with which the F; hybrids are less variable than their parents. But we 
might expect wing and thorax length to behave in much the same way with respect to 
variability in different genetic situations. 
Percentage emergence 

Percentage emergence is calculated from the ratio of the number of flies hatching 
from cultures to the number of eggs set up. The results are presented in table 4. Since 
the general level of percentage emergence fluctuates from experiment to experiment, 
records were obtained from the control stock in each of the tests carried out at differ- 
ent times. The inbreds are clearly less viable than the controls. Significant decreases in 
the percentage emergence are particularly clear at the higher levels of homozygosity. 


TABLE 4 


Percentage emergence in inbred lines and hybrids between them at different coefficients of inbreeding (Fz) 


Mating system Fx Controls Inbreds Hybrids Heterosis (percent 
Brother-sister 25.00 60.89 + 3.05 | 59.94 + 2.33 | 58.76 + 2.64 —1.97 + 0.61 
50.00 56.07 + 3.92 48.89 + 4.95 | 56.01 + 1.01 14.56 + 2.30 
73.44 61.55 + 3.52 | 46.71 4 1.08 | 57.76 + 2.53 23.65 + 4.50 

Double-cousins 25.00 
50.78 53.58 + 5.15 | 52.19 + 1.46 | 52.17 + 2.50 | —0.03 + 0.10 
74.82 65.71 + 2.11 | 52.48 + 2.98 | 58.60 + 3.03 11.66 + 2.11 
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Also, at any given coefficient of inbreeding, the inbred lines maintained by brother- 
sister mating are less viable than those maintained by double-first cousin mating. 
This confirms the results reported by TANTAwy (1957) and TANTAWwy and REEVE 
(1956) for random inbred lines, and by Tantawy (1956a, b) for selected inbred lines. 

When the inbred lines are crossed, the F progeny of the sib matings show a greater 
heterosis than the lines with milder rates of inbreeding. The hybrids show about the 
same percentage emergence as the controls. Again we find a positive correlation 
between the extent of inbreeding depression and the magnitude of heterosis. 

DISCUSSION 

Although inbreeding is one of the useful tools in the practical work of animal im- 
provement, its results are often harmful. This contradictory situation has been 
epitomized by Darwin (1876) in his famous phrase: ‘‘Although free crossing is a 
danger on the one side which everybody can see, too close inbreeding is a hidden 
danger on the other’’. A multiplicity of causes which bring heterosis about is probably 
responsible for this apparently erratic behavior of inbred and outbred strains. 

It has been recognized for many years that inbreeding increases the number of 
homozygous loci, and therefore undesirable recessives become manifested which, with 
outbreeding, would be hidden in heterozygotes by their dominant alleles. Since most 
mutations are harmful, and since deleterious dominants are eliminated by natural 
selection more rapidly than deleterious recessives, normally outbred populations will 
always carry unfavorable recessive mutant genes in a concealed condition. This 
mechanism has been called mutational heterosis by DoBzHANSKy (1952). On the other 
hand, different alleles in an outbred Mendelian population may be mutually adjusted, 
or coadapted by natural selection, to produce favorable heterozygotes. Heterosis is, 
then, a consequence of overdominance rather than of simple dominance. This is the 
balanced heterosis of DoBZHANSKY (1952), of MATHER (1955), and of LERNER (1954). 
Finally, the possession of the greater variety of alleles at many gene loci may confer 
upon the organism a superior adaptedness because of a greater biochemical versatility, 
as suggested by ROBERTSON and REEVE (1952), LERNER (1954), HALDANE (1955), 
MAYNARD Situ ef al. (1955) and others. This effect could be observed both within 
populations and in hybrids between populations which do not hybridize in nature. 

Body size and percentage emergence of adults from a given number of eggs are two 
different ‘‘characters”’, in the sense that they can be studied separately in quantitative 
terms. In the experiments reported in the present paper, both characters decline in 
inbred lines compared to the foundation stock. When the inbred lines are intercrossed, 
the F; hybrids generally fall within the range of variation of the foundation popula- 
tion. Body size declines however relatively less than does the percentage emergence. 
This agrees with the observations of ROBERTSON and REEVE (1955b) that the body 
weight in inbred lines declined by anything between 0 and 30 percent, while egg 
production was usually reduced by more than 50 percent when newly established 
stocks are inbred. 


More significant for our purposes is the observation that the extent of the in- 
breeding depression depends upon the closeness of the relationship between the 
mated individuals in the inbred lines. Indeed, the lines inbred by brother-sister 
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matings have shown greater decline in thorax length, wing length and percentage 
emergence than did the lines inbred by double-first cousin matings. Conversely, when 
the inbred lines are intercrossed, the lines inbred by more intensive method show a 
greater percentage of heterosis than do the lines inbred by cousin matings. The 
magnitude of heterosis is, therefore, proportional to the degree of the inbreeding 
degeneration. With brother-sister and with cousin matings, average size and per- 
centage emergence in the hybrids between the inbred lines is equal to that observed 
in the foundation population. 

These facts are compatible with the hypothesis that the heterosis is, in this case, 
due mainly to the adaptive norm in the foundation stock consisting chiefly of hetero- 
zygotes for gene alleles or gene complexes in one or more chromosomes. This balanced 
heterosis is disturbed by the inbreeding, but the increase in frequency of homozygosis 
induced by inbreeding will be at least partially counteracted by natural selection in 
the experimental cultures. It appears that an equivalent level of homozygosity, 
especially higher levels, requires many more generations with milder forms of in- 
breeding, such as double-first cousin mating, than with brother-sister mating. The 
opportunity for natural selection to counteract the homozygosis induced by inbreed- 
ing will, then, be greater with cousin matings than with matings between sibs. In 
other words, coefficients of inbreeding theoretically computed will, in reality, cor- 
respond to a greater degree of homozygosis with sib matings than with cousin mat- 
ings. When the genetic system involves heterozygote superiority, for one reason or 
another, natural selection and inbreeding will be more drastically affected than when 
heterosis is of the mutational type. This view is further supported by the fact that 
the observed heritability is consistently higher than expected with the less drastic 
form of inbreeding. This is evidently a form of ‘‘genetic homeostasis’ postulated 
by LERNER (1954). 

Another observation of interest concerns the changes in the phenotypic variance of 
wing and thorax length (table 4). Among 12 possible comparisons, 11 give either 
significantly or at least ostensibly lower variation coefficients in the F; hybrids than 
in the parent inbred lines. There is less consistency in comparisons between the inbred 
lines and the foundation stock, except that at higher levels of inbreeding the varia- 
bility tends to decrease, at least with brother-sister matings. But the variability 
among hybrids is consistently below that in the controls. These relations are under- 
standable if inbreeding decreases the genetic variance, while homozygosis increases 
and heterozygosis decreases the environmental variance. Indeed, ROBERTSON and 
REEVE (1952, 1955a, b), REEVE and RosBertson (1953) and Rasmuson (1952) ob- 
served reduction of the variability with increasing levels of heterozygosity and vice 
versa, and suggested this was associated with a greater biochemical versatility of 
heterozygotes. DoszHANSKY and WALLACE (1953), DoBzHANSKy, PAVLOvSkKy and 
Spassky (1955) and DoszHansky and LEVENE (1955) observed the same phenomenon 
in homozygotes and heterozygotes for chromosomes found in natural populations of 
several species in Drosophila. They concluded that heterozygotes, in populations 
having the genetic structure like those of Drosophila, possess superior homeostatic 
adjustments to those in the homozygotes. This is especially striking with rare homozy- 


gotes which are ‘‘supervital”’, i.e. possess a higher viability than the average heterozy- 
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gote in certain environments. Yet these ‘“‘supervital”” homozygotes become subvital 
when the environment is changed. Heterosis, then, is expressed in an improvement, 
and inbreeding degeneration in a decline, of homeostatic adjustments to environ- 
mental changes. How far this rule holds for organisms other than Drosophila is a 
matter for future studies. 


SUMMARY 


1. A number of parallel inbred lines of Drosophila melanogaster were maintained by 
using two systems of mating, i.e. brother-sister and double-first cousin matings. 

2. The heterosis for wing and thorax length and for percentage emergence was 
studied by crossing the various inbred lines within each system of mating at the same 
or nearly the same coefficients of inbreeding. 

3. Regression of offspring size on mid-parent size for the initial foundation popula- 
tion gives heritability estimates for wing and thorax length of 38.51 + 4.30 percent 
and 37.77 + 4.80 percent respectively. Estimates at about 25 percent, 50 percent 
and 75 percent coefficients of inbreeding indicate no decline in heritability in lines 
inbred by double-first cousin matings. In brother-sister matings the heritability does 
not decline appreciably up to about 50 percent inbreeding but at 75 percent inbreed- 
ing, the values for both wing and thorax length are close to those the- 
oretically expected. 

4. In the hybrids between the inbred lines, heritability rises to about the value 
observed in the foundation population. 

5. Percentage emergence is decreased more in lines inbred by brother-sister mating 
than in those inbred by mating of double-first cousins, especially at higher levels of 
inbreeding. 

6. Heterosis in crosses between lines was recorded for wing and thorax length and 
also for percentage emergence. This heterosis is significant in the hybrids between 
lines inbred by brother-sister matings to 50 percent and 75 percent of inbreeding, but 
in crosses between the lines inbred by cousin mating significant heterosis is observed 
only at 75 percent of inbreeding. At similar levels of inbreeding the lines inbred by 
brother-sister matings display a greater heterosis than those inbred by matings 
between cousins. 

7. Phenotypic variation, as measured by coefficients of variation, decreases most 
rapidly in the earlier generations of inbreeding. The lines inbred by brother-sister 
matings are less variable than those inbred by cousin matings. Phenotypic variation 
in the F; progenies is less than that of the parental lines. 
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N the work to follow, a particular technique of analytical cytology—relative 

quantitative determination of desoxyribonucleic acid (DNA) by employment of 
the Feulgen reaction and subsequent measurement of the absorption of the DNA- 
bound dye in a cytophotometer by the two wave length method—has been applied 
in an analysis of aberrations in development of the lethal mutant, /(2)g/ of Drosophila 
melanogaster. 

As the ring gland is conspicuously affected in this mutant, necessary background 
information relates to the action of humoral agents upon growth and metamorphosis, 
concerning which several excellent reviews have recently appeared (BODENSTEIN 
1954, 1955; Erkin 1955; WiGGLEswortH 1954). Particular attention is called to the 
view expressed by WIGGLESworTH (1954) that “the moulting hormone has a 
quantitative effect on growth and not merely a catalytic or triggering action”’. 
According to WIGGLESWorRTH, there would be two major conditions for growth, the 
supply of hormone or nutritional agents in general and the individual capacities of 
the various organs for utilization of these factors. If one of the latter should be 
limited, its effect on the various organs would be “integrated” and “‘proportionate”’. 
Further reference will be made to this subject when issues are defined in subsequent 
paragraphs. 

Information concerning Drosophila growth and metamorphosis in particular, in- 
cluding the influence of the ring gland, can be found in the following references: 
HaAporN 1937; HApoRN and NEEL 1938; SCHARRER and Haporn 1938; Vocr 1940, 
1942a,b, 1943, 1946; BopENSTEIN 1943a,b, 1947; DeMEREC 1950; WIGGLESWORTH 
1954; Erkrn 1955. 

Chiefly through the efforts of HaporN, collaborators, and associates (HADORN 
1937, 1948, 1951; SCHARRER and Haporn 1938; HaporN and NEEL 1938; HApoRN 
and Ris 1939; HApoRN and GLoor 1942; GLoor 1943; CHEN 1951) a considerable 
body of data and theory has been accumulated concerning this mutant. The con- 
tribution of these workers consists mainly of qualitative cytological description, 
semiquantitative description on an organ level, gross quantitative description and 
analysis on the level of the whole organism, and division of effects into primary and 
secondary categories on the basis of transplantation experiments. Specifically, it has 
been stated (HADORN 1948) that the larval integument, musculature, alimentary 
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tract, tracheal system, somatic cells of male and female gonads, imaginal ring gland 
cells, and possibly the central nervous system are not affected by the lethal con- 
stitution and that the ring gland itself seems secondarily affected. Little or no atten- 
tion has been paid to the effect of the ring gland on larval development, possibly 
through concentration on what is regarded as its more important effect on pupation. 
No theory or hypothesis has been formulated concerning the nature of the primary 
effect. 

If one grants the premise that certain tissues are affected and certain ones are not, 
the difficulty of offering a satisfactory hypothesis of unitary gene action in this case 
seems at the present moment insurmountable, as this organism seems to be suffering 
not from a selective effect peculiar to certain tissues but from a basic defect in 
the growth process which should affect all tissues. It is conceivable, of course, that 
the cell economy of certain tissues (WAGNER and MircHELL 1955, p. 395) might be 
such as to discount the primary effect; conversely, positive evidence that such an 
effect does exist in all tissues would seem to be almost ironclad security for the idea 
of a fundamental interference in the growth process common to all tissues and dif- 
fering in degree of manifestation according to the varying cytoplasmic constitutions 
and thus would remove the greatest obstacle to the hypothesis of unitary gene 
action in this mutant. 

Furthermore, the absence of any consideration of a possible effect of the ring gland 
on larval development seems a striking gap in the theory. The general conclusions 
that have been drawn concerning insect development and certain suggestive if not 
conclusive evidence in Drosophila itself seem to make it legitimate to inquire whether 
hormonal influence is not partially responsible for the larval pattern of damage in this 
mutant, either independently and alone or superimposed upon a primary effect. If 
the evidence does indeed support such a conclusion, there would be the satisfaction of 
incorporating ring gland influence on larval development into the theory of develop- 
ment of this particular mutant and thus making it consistent with the general theory 
of insect development. 

If we refuse to accept the premise of an effect in some organs and not in others and 
if we exercise a little disciplined imagination in regard to the larval influence of the 
ring gland, there are two hypotheses that seem internally consistent and logically 
satisfying. These are as follows: (1) all tissues are affected, some by a primary effect 
plus a superimposed hormonal effect, and others by the hormonal effect acting in- 
dependently and alone; and (2) all tissues are affected, by a hormonal effect generally 
superimposed upon a primary effect common to all tissues. 

These hypotheses share the assumption that all tissues are affected, which remains 
to be proved. They can be separated on the basis of WIGGLESWORTH’S theory as to 
the quantitative and proportionate effect of hormonal action, previously emphasized. 
Hormonal influence should act in the direction of a proportionate effect among the 
organs affected by the hormone alone. Except in the event of the implausible coinci- 
dence of the cell economies of two or more organs being so adjusted that the primary 
action has the same quantitative as well as qualitative effect, the primary effect 
should differentiate the hormonal effect and result in a total disproportionate effect, 
unless the former is slight in comparison with the latter. 
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If, therefore, most of the organs show a proportionate effect, hypothesis number one 
will be indicated. If, on the other hand, the disproportionate effect predominates, then 
hypothesis number two will be preferred. 

‘The main purpose of this investigation, therefore, will be to determine whether or 
not all organs of the /(2)g/ mutant are affected by the lethal gene and to what extent 
they are affected relative to both each other and to their normal counterparts. 

Additional questions that arise concern the biochemical nature of the primary 
effect, of the hormonal effect, and of the relationship between the two. 


MATERIALS AND METHODS 

The successful application of quantitative cytochemistry to a problem such as this 
requires rigid discipline. It has been necessary to exert exacting control upon what 
might be called five levels of operation: the fly management level, the oviposition and 
incubation level, the cytological level, the staining level, and the photometric level. 

The stock /(2)gl cn bw/Cy cn bw was obtained from the Cold Spring Harbor lab- 
oratory, crossed with L?/Cy from this laboratory, and the /g/ cn hw, Cy flies separated. 
As can be readily seen, the lethal larva carries the alleles cn bw in homozygous condi- 
tion, which produce, among other effects, colorless Malpighian tubules in contrast to 
the yellow tubules of the normal, the definitive identifying characteristic of the lethal 
larva. For a control, in addition to the normal heterozygote of the lethal strain, the 
wild type Stephenville stock was used, which has over 90 percent hatchability. 

Eggs of the same age were obtained by shaking down the flies from a tall Stender 
dish into a petri dish upon saline moistened filter paper in the center of which is a 
small mound of food medium, so that they do not fall directly upon the food itself. 
The flies are sexed, and about 500 females used at one time. In this way a superfluity 
of eggs is produced in a laying period of 30 minutes. Between 20 and 20} hours after 
oviposition all premature larvae are removed; larvae hatching during next 23 hours 
are placed in petri dishes on the standard medium used in this laboratory. Incubation 
is carried out at 25°C plus or minus .5 degree in an incubator kept in a constant 
temperature room. 

Carnoy fixation (60-30-10 of absolute alcohol, chloroform, and acetic acid) was 
used and gave good results. After fixation from two to three hours, larvae were 
washed for about 30 minutes in several changes of absolute alcohol, cleared 
in Terpineol over a period of about 24 hours, infiltrated in 50-53 degrees melting 
point Tissuemat for 15 hours with two changes, and embedded. Sections were cut 
at from 4 to 25 microns according to the size of the nuclei; and ribbon orientation 
was obtained by observation of sections dissolved in xylol under a 20X 
phase objective. 

Feulgen cytophotometry has been used in a variety of ways, especially in the field 
of cytology but also in embryology in its cytological aspect, physiology, and pa- 
thology (Swirt 1953), although it has not yet proved as useful in the field of ge- 
netics as its sister technique, qualitative cytology, has been. The work to follow rep- 
resents the first application of cytophotometry to developmental genetics. 


Quantitative use of the Feulgen reaction, at least on a relative basis, is well estab- 
lished (Ris and Mirsky 1949; Swirr 1953; Patau and Swirr 1953; LESSLER 1953; 
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LEUCHTENBERGER 1954; Novikorr 1955; PoLiisteER and OrNSTEIN 1955). The 
photometric difficulties involved in the present investigation, chiefly irregularity of 
shape and inhomogeneity of distribution, have been met adequately by the two wave 
length method developed independently by ORNsTEIN (1952) and Patav (1952), but 
in more usable form by the latter. 

A rough check with a polarizing microscope showed no evidence of orientation in 
the material measured. 

After hydrolysis in normal HC] at 60°C for 13 minutes, determined as the maximum 
period, slides were stained for two hours in Schiff reagent prepared according to the 
method of SrowELL (1945). Uniformity of staining procedure was preserved metic- 
ulously throughout the course of the work. 

The refractive index of the tissue used in these measurements was determined by 
the method of Groat (1941) to be between 1.530 and 1.535, which is rather closely 
matched by HSR (Harleco synthetic resin) mounting medium with a refractive 
index of 1.5202 in solution and 1.5390 as the dry resin (LILLE, ZIRKLE, DEMPSEY, 
and Greco 1953). 

As a check for nonspecific staining a “blank” was run, identical with test slides 
except for the omission of the acid hydrolysis prior to use of the Schiff reagent. This 
“blank” showed no coloration. 

In order to measure nuclei with a light concentration of DNA, 570 millimicrons, at 
the absorption peak of the tissue, was chosen as the major wave length, according to 
the method of Patau (1952), so that the minor wave length would have the greatest 
possible extinction. As the minor wave length 602 millimicrons was selected after it 
was found that this wave length had one half the extinction of the major in measure- 
ments between 20 and 60 percent transmission of homogeneous portions of several 
different types of nuclei, including brain tissue, convenient for use because readily 
available and consisting of multiple, small diploid nuclei, which taken together form 
a homogeneous area. The wave length ratio was checked during the course of the 
work in a number of different tissues on different slides and found to remain essen- 
tially constant. 

The apparatus used here is modeled along lines developed by POLLISTER (1952) 
and POLLISTER and ORNSTEIN (1955). For description see KASTEN (1956). Standard 
tests, such as test of phototube for linear response to area of image measured and 
check of readings made through neutral density filters with those made in a Beckman 
spectrophotometer (Swirt 1950; PoLLIsTER 1952) were made when the equipment 
was first set up by the writer and subsequently by KASTEN (1956). The linear response 
test has been repeated during the course of this work. Critical illumination (POLLISTER 
and ORNSTEIN 1955) and monochromator slit widths of .30 to .40 millimeters cor- 
responding to band widths of 2.0 to 2.6 millimicrons have been. used. 

Precision in galvanometer readings is essential. The practice followed has been to 
make two sets of readings at each wave length, the blank immediately following the 
test, and, if the differences of these two pairs were more than one galvanometer point 
apart, to make one or more repeat readings until two were obtained sufficiently close 
together. 

A four millimeter Spencer apochromat of N.A. 0.95 was used with a 3X ocular in 
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the microscope. At the plane of the phototube a 3X ocular served to locate the 
nucleus desired in the field of measurement, the diameter of which was determined 
by means of a micrometer scale highly magnified in a 30X ocular. A Lovins micro- 
slide field finder was used to record the coordinates of each nucleus measured, after 
the area had been mapped by camera lucida. Additional adjustments include the use 
of a low condenser aperture of N.A. 0.25 and restriction of the total illuminated field 
by means of the slit controls. Calculations were made according to the method of 
PaTaAu (1952). 

Test measurements were made on 100 rat liver nuclei taken from six slides, three of 
which were stained on one date and three on another. Results of these, on file with 
the Editors of GENETICS, indicate that the Feulgen stain as carried out in this lab- 
oratory is reproducible from slide to slide to within ten percent or less, with the excep- 
tion of the nuclei on one slide, which were about 15 percent off the overall mean. The 
results further show that the method, as practised in this laboratory, yields an ac- 
curacy in measurements of nuclei in the same individual and on the same slide repre- 
sented by a coefficient of variation of from eight to ten percent. This could probably 
be reduced by taking the average of two or more replications. 

Also on file with the Editors are the results of repeat measurements on eleven 
salivary gland nuclei of two hour prepupae, Stephenville wild type, Drosophila 
melanogaster, the field area being changed between the first and second measure- 
ments of each nucleus. These show an average reproducibility of less than five per- 
cent variation. 

RESULTS 
Quantitative 

It was considered necessary to analyze a sufficient number of tissues to establish 
whether or not the effect is a general one, common to all organs. Organs analyzed 
quantitatively include the salivary gland, ring gland, corpus allatum, caeca, stomach, 
fat body, muscle, and epidermis; the effect on the tracheal system and brain is de- 
scribed qualitatively. Of these, as previously mentioned, at least five have 
been exempted from any effect of the lethal constitution (HADORN 1948). The only 
conspicuous omission is the gonads, which have not been included because DNA 
synthesis preliminary to meiosis would have confused the issue. Unless otherwise 
stated, growth is described in terms of the DNA content of the nucleus as a quan- 
titative index. 

An analysis was begun at the earliest possible stage and the course of the lethal 
effect charted at major intervals thereafter. First measurements were made on the 72- 
hour larva, as this is the earliest point at which the lethal can be separated from the 
normal; but, since measurements at this stage suffer from the disadvantage of a light 
concentration of DNA, only enough organs were examined to establish that the 
lethal effect is present at that period. The 120-hour lethal larva and the normal two 
hour prepupa, representing comparable stages, are the latest periods at which the 
normal larva can be analyzed and were chosen primarily for measurements on the 
salivary gland at or near the end point of larval development; but, for most organs, 


this is not a favorable stage for measurement since histolysis is beginning to cause 








NUCLEAR DESOXYRIBONUCLEIC ACID 549 


alteration or dissolution and in some instances this might lead to variability in stain- 
ing. The 96-hour stage is a logical mid-point between the 72 and the 120-hour stages. 
Complete measurements on all organs examined quantitatively were made at this 
period and used as the basis for the main conclusions, as comparisons of the 96 and 
120-hour measurements on salivary gland and ring gland showed that no advantage 
would be gained by analyzing at a period between 96 and 120 hours. Although growth 
continues in both lethal and normal until about 120 hours, the lethal effect stands 
fully revealed in the 96-hour larva. 

For each category of organ effect, measurements were made on 15 to 20 or more 
nuclei, more than adequate according to the method used, drawn from a minimum of 
from three to five individuals. All nuclei were chosen at random when there was a 
choice except for the precaution that, when the tissue appeared in several parts of 
the larva, the regional location used was the same in all comparisons. Except in a very 
few instances when there was a legitimate reason for so doing, no measurements have 
been discarded, and no remeasurements have been made, since consistency would 
require that all, if any, nuclei be remeasured. 

A comparison of DNA content of nuclei from ring gland and salivary gland in the 
Stephenville wild type and /g//Cy heterozygote larvae shows no distinguishable dif- 
ference. Whatever effect there is, if any, is apparently below the threshold necessary 
to produce an analyzable effect on this level. 

Both growing and mature larvae show great uniformity. Whatever variation there 
is can be attributed to individual differences or to chance in the selection of nuclei, an 
issue that could not be resolved without a great deal more data. Whatever sex differ- 
ences there are, if any, cannot be distinguished beneath the general overlay of varia- 


TABLE 1 
Determination of diploid and polytene class values from metaphase brain nuclei in two hour prepupa, 
Stephenville wild type, Drosophila melanogaster 
No. nuclei* Mean Coefficient of variation Diploid value 


4.56 25.7% 2.28 


Polytene class values 


Class Low Mean High 
ae 1.69 2.28 2.87 
4C 3.38 4.56 5.74 
8C 6.76 9.13 11.5 
16C 13.5 18.3 23.0 
3a'C 27.0 36.5 46.0 
64 C 54.0 73.0 92.0 
128 C 108 146 184 
256 C 216 292 368 
Si % 432 584 736 


1024 C 864 1168 1472 
* Average value per nucleus from measured field of from three to seven nuclei-total of 17 separate 


fields. 
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tion from experimental error and other causes. The fact of great uniformity, however, 
in speed of development and at maturity, does stand out. 

Relative DNA values obtained have been divided into polytene classes based on 
measurements of diploid brain nuclei as given in table 1. In figures 1 through 4 and 
table 2 can be seen the degree of polyteny attained by the various types of nuclei. 
There is evident here a trend towards a slight reduction of class vaiues below those in 
table 1. From table 2 it is apparent that the coefficients of variation obtained in 
measurements on Drosophila tissues range from 8.5 to 21 percent, with an average of 
about 15 percent or somewhat less, in contrast with the eight to ten percent variation 
obtained by the same method on rat liver nuclei. From table 3, relating particularly 
to the salivary gland, it is evident that the variation in the DNA content of nuclei of 
the same individual, when measurements are made on the same slide, ranges from 
6.6 to 20.3 percent. 

Comparison of lethal development with normal can be made by reference to figures 
1 through 4 and table 4. On the whole, the picture of development that can be 
visualized from the statistics in terms of the DNA content of the polytene nucleus as a 
quantitative index of growth is coherent and intelligible. The lethal effect is quite 
evident at the 72-hour stage, reaches its peak at the 96-hour stage and continues 


TABLE 2 
Significant means and coefficients of variation of relative amount of DN A-Feulgen in nuclei of tissues 
in composite normal and lethal larvae of Drosophila melanogaster 


Normal Lethal 
Tissue 
Class and Mean C.V. Class and Mean CV 
no. nuclei no. nuclei 
72 hourst 
Salivary gland 256 C(12) 272 is.3 128 C(10) 131 14.0 
Ring gland 32 C(18) 40.7 14.5 8 C(10) 9.44 3.32 
96 hourst 
Salivary gland 256 C(13) 250 16.2 64 C(10) 63.7 12.9 
512 C(24) 471 16.0 128 C(13) 104 17.4 
Ring gland 64 C(13) 65.4 11.0 32 C(13) 36.5 14.2 
Corpus allatum 32 C(9) 30.9 $3.3 16 C(9) 13.9 9.92 
Caeca 128 C(16) 125 13.0 64 C(13) 69.8 11.8 
Stomach 128 C(14) 134 21.0 128 C(9) 105 14.8 
Fat body 64 C(14) 68.8 19.3 32 C(12) 37.0 21.0 
Muscle 64 C(12) 57.9 18.0 16 C(11) 19.4 12.3 
Epidermis 64 C(11) 66.1 14.1 16 C(9) 20.3 3.8 
120 hourst* 
Salivary gland 256 C(10) 327 13.0 64 C(9) 66.4 15.8 
512 C(23) 515 7.4 128 C(5) 179 
1024 C(18) 963 15.8 256 C(5) 246 
Ring gland 64 C(11) 55.6 8.61 32 C(13) 29.0 is.2 


Polytene classes from calculated diploid value in table 1. 
+ Age in hours after oviposition. 


* Two hour prepupa for normal 
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TABLE 3 
Coefficients of variation of relative amount of DN A-Feulgen in nuclei of salivary gland in individual and 
com posite larvae, Stephenville wild type, Drosophila melanogaster, 96 and 120 hours after oviposition 


Individual 


ACID 


120 hours* 


un 
uw 
— 





























No Polytene 7 . Coefficient of No as Sie r - | Coefficient of 
individuals aait No. nuclei v scien individuais Polytene classt/ No. nuclei pose sca 
1 siz C 11 13.8% 1 256 C 8 8.3% 
2 256 C 9 6.6% 1 $22: 15 20.3% 
2 12 C 6 18.2% 3 1024 C 7 11.3% 

3 S82 'C 8 17 .0° 
Composite 
256 C 13 16.2% 256 C 13.0% 
512°C 24 16.0% wae & 23 17.4% 
1024 C 18 15.8% 
* Two hour prepupa 
+ Polytene class from table 1. 
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os LETHAL 120 HOUR 
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RELATIVE AMOUNT OF DNA-FEULGEN 
FicurE 1.—Relative amount of DNA-Feulgen in individual nuclei of salivary gland in wild type 
Stephenville stock and lethal, /g//Igl, larvae of Drosophila melanogaster at 72, 96, and 120 hours after 
oviposition. Abscissa divisions represent polytene classes from Table 1 and are discontinuous. 


thereafter in about the same proportion. The salivary gland and the ring gland may 
be taken to epitomize the situation. It is apparent that the normal ring gland develops 
faster than the lethal since, at 72 hours, the latter is only about one third the former. 
By the time the 96-hour stage is reached, this disparity is somewhat reduced, although 
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Stephenville stock and lethal, /g//Igl, larvae of Drosophila melanogaster at 72, 96, and 120 hours after 
oviposition. Abscissa divisions represent polytene classes from Table 1 and are discontinuous. 
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Relative amount of DNA-Feulgen in individual nuclei of fat body, caeca, and stomach 
in wild type Stephenville stock and lethal, /g///gl, larvae of Drosophila melanogaster 96 hours after 
oviposition. Abscissa divisions represent polytene classes from Table 1 and are discontinuous. 


the lethal ring gland never reaches full growth, and even displays some signs of de- 
generation indicated by the lower value at the 120-hour period. The course of de- 
velopment of normal and lethal salivary glands seems causally related to that of the 


ring gland. The normal salivary gland, for instance, develops rapidly from 72 to 96 
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FicurE 4.—Relative amount of DNA-Feulgen in individual nuclei of corpus allatum, muscle, and 
epidermis in wild type Stephenville stock and lethal, /g///gl, larvae of Drosophila melanogaster 96 hours 
after oviposition. Abscissa divisions represent polytene classes from Table 1 and are discontinuous. 


TABLE 4 
Lethal percent of normal based on relative amount of DNA-Feulgen in nuclei of tissues in composite 
normal and letha! larvae of Drosophila melanogaster 


Normal Lethal 
Tissue Lethal % normal 
Average Average 


No. nuclei 
nuclear value nuclear value 


No. nuclei 
72 hourst 
Salivary gland 19 238 19 102 42.9 


Ring gland 20 39.1 19 13.0 33:2 


96 hourst 


Salivary gland 41 440 23 86.7 19.7 
Ring gland 23 68.4 22 40.9 59.8 
Corpus allatum 17 23.2 17 15.4 66.4 
Caeca 17 121 16 73.9 61.1 
Stomach 20 150 20 91.9 61.3 
Fat body 20 96.1 20 48.1 50.1 
Muscle 18 51.4 16 20.1 39.1 
Epidermis 18 61.4 13 22.5 36.6 
120 hourst* 
Salivary gland 51 636 19 143 22.5 
Ring gland 22 62.2 23 26.6 42.8 





* Two hour prepupa. 
+ Age in hours after oviposition. 
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hours as well as from 96 to 120, consonant with the early development of the normal 
ring gland; the lethal salivary gland, on the other hand, shows little increase until 
after 96 hours, at which time the lethal ring gland has, to some extent, ‘caught up” 
with the normal. Both the normal and lethal corpus allatum show a decrease in DNA 
at the 120-hour period, when its functional activity is over, as does the normal ring 
gland, to a slight extent, but the difference is not regarded as significant in the ques- 
tion of physiological variation of DNA with function. 

As can be seen in table 4, after wide latitude has been allowed for the effect of 
experimental error on the percentages, four, or possibly five, different categories of 





Pate I, (1) through (6). Cross sections of Stephenville wild type and lethal, /g///g/, larvae of 
Drosophila melanogaster. Carnoy fixation. Feulgen stain. (1) Normal ring gland, 96 hours, 600. 
(2) Lethal ring gland, 96 hours, X 600. (3) Normal brain area, 96 hours, including ring gland of (1), 
125. (4) Lethal brain area, 96 hours, including ring gland of (2), *125. (5) Normal salivary gland, 
2 hour prepupa, X300. (6) Lethal salivary gland, 120 hours, 300. 
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effect on four or five organs or groups of organs can be distinguished: the ring gland, 
together with the corpus allatum, which as sources of the hormones, must be placed 
in a category by themselves; the salivary gland; muscle and epidermis; stomach and 
caeca; and possibly the fat body. One cannot escape, however, the striking correlation 
between the range of development of the ring gland from 33 percent of normal at 72 
hours to about 60 percent at 96 and the range of effect on other organs, with the 
exception of the salivary gland, from about 35 to 65 percent. Only the salivary gland 
exhibits a differential effect beyond these limits. 


Qualitative 

Two tissues, not analyzed quantitatively, show a distinct qualitative effect. The 
tracheal system, as seen in the spiracle region, displays effects on cytoplasmic and 
nuclear volume similar to those found in other organs and is therefore to be placed in 
the category of organs affected by the lethal mutation. Comparison of (3) and (4) in 
Plate I shows that the brain of the normal larva is both larger in area and heavier in 
DNA concentration than that of the lethal. 

Within the limits of accuracy set by qualitative inspection of cross sections, one can 
say that the cytoplasm in all organs except the salivary gland shows about the same 
degree of reduction as the nuclei. The situation in the salivary gland is shown in (5) 
and (6) of the plate. Although the lumen in the lethal gland is larger than in the 
normal, the lethal cytoplasm appears reduced only about 50 percent, which compares 
favorably with the approximate 50 percent reduction of the whole gland previously 
found (Haporn 1948). In contrast with the cytoplasmic morphology, the lethal 
nuclei, in terms of DNA, are much more drastically reduced. The disproportionate 
character of the reduction is evident at 96 hours but most marked at 120, the stage of 
the salivary gland photographs. The normal nuclei in (5) range from about 1000 to 
1500 in relative DNA values; while the lethal nuclei in (6) average about 165. The 
fact that the cytoplasm does not appear to be correspondingly reduced assumes 
considerable importance in regard to the nature of the primary effect. 


DISCUSSION 


It is necessary to omit discussion of polyteny and variation of DNA content in 
Drosophila nuclei because of limitations of space and in order to preserve unity of 
theme, which is the significance of DNA quantitation in explaining the develop- 
mental failure of /(2)g/. 

Since, unequivocally, all organs examined, quantitatively and qualitatively, are 
affected, it seems reasonable to conclude that the effect, direct or indirect, of the 
lethal mutation is ubiquitous. 

The known effect of the prothoracic and corpus allatum hormones on insect larval 
development in general, the failure of the ring gland in this mutant to achieve normal 
development, the demonstrated deficiency of the hormone in pupation, the ubiquitous 
effect on all organs, and the correlation of the effect on most organs with that on the 
ring gland itself, all taken together, furnish sufficient circumstantial evidence beyond 
reasonable doubt to incriminate the ring gland in retardation of larval development as 
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well as in failure of pupation. This is the logical explanation for the fact that the ovary 
shows improved growth when transplanted to a normal host (HADORN 1951). 

The predominantly differential character of the effect would seem to favor the 
second hypothesis stated in the introduction, that of a primary effect common to all 
organs with a superimposed hormonal effect. It must be considered, however, that 
the precise degree of proportionate response to hormonal influence has not been ex- 
perimentally established in this organism and that a considerable margin of error 
should be allowed for in the percentages. In view of these points, it is felt that a con- 
servative conclusion would limit inference of the presence of a primary effect in addi- 
tion to the hormonal effect to the salivary gland, where an unmistakable effect exists, 
while suggesting or at least not precluding the possibility of such an effect in other 
organs, where it could be masked by the hormonal effect. Significant in this respect, 
as well as for its own sake, would be the use of the DNA quantitative index to de- 
termine the response to various conditions of hormonal influence. 

This state of affairs, unresolved as it is, is not the impasse it seems. Let us ask the 
question: what characteristic is common to all the organs in which a primary effect is 
clearly indicated, that is, to the salivary gland and possibly the brain from the present 
work and to the gonads and imaginal discs, as well as the salivary gland, from pre- 
vious work? The answer is that they all have the need to synthesize large amounts of 
DNA, the salivary gland in its functional aspect, the gonads in premeiosis, and the 
other organs in multiple mitoses. It may then be deduced that the primary effect com- 
mon to these organs is one that results in some impediment to the synthesis of DNA. 
In itself, this is pure deduction, but it is not unsupported by experimental evidence. 
It will be recalled that the reduction of DNA in salivary gland nuclei seems dispro- 
portionately large in comparison with the reduction of total cell volume. This, how- 
ever, would be the logical consequence of a primary effect that is concerned with the 
synthesis of DNA itself. Experiments are underway at present employing aminopterin 
with the purpose, in particular, of attempting to produce a phenocopy of the /(2)g/ 
mutant and, in general, of investigating differences in DNA synthesis in the various 
cell types of Drosophila melanogaster. 

If this, indeed, is the identity of the primary effect, some additional features can 
be filled in. As it affects diploid as well as polytene nuclei, it must be concerned with 
the general synthesis of DNA rather than with some aspect associated only with 
polyteny. In the salivary gland, as DNA reduction is not followed by a corresponding 
reduction of cytoplasm it must be concerned here with the synthesis of DNA in its 
metabolic rather than genetic aspect, the latter of which should be proportional to 
cell size. 

As the prothoracic hormone has been linked with the cytochrome system, the 
deficiency of hormone in this mutant could well set a limit to the oxidative capacity 
of the various organs and so account for the lowered oxygen consumption found. 
Experimental evidence for this conception is the fact that the difference between DNA 
reduction and cytoplasmic reduction in the salivary gland is most marked at the 120 
hour stage, at which time the lethal ring gland has had an opportunity to reach its 


maximum capacity and furnish a maximum of hormone for cell growth. 
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If such, indeed, are the natures of the primary and hormonal effects, they are re- 
lated only in the sense that each is involved in the total economy of the cell. 

If the primary effect is concerned with the synthesis of DNA, it will be present in 
all organs, but in those organs in which the synthesis of DNA is relatively low, the 
primary effect might not have enough weight to differentiate itself from the overall 
hormonal effect. This is apparently the situation in the alimentary system, fat body, 
muscle, and epidermis. The fact that tissues such as the corpus allatum and the 
somatic cells of the gonads show normal metamorphosis on transplantation to a 
normal host could be explained by the receipt of some essential substance from the 
host, a possibility which is conceded though not favored by HaporN (1951), or by a 
deficiency in nucleic acid synthesis that might not be severe enough to prevent nor- 
mal growth or might even be further discounted in pupal than in larval metabolism. 

Ubiquity of effect would be a natural consequence of a fundamental interference in 
the growth process such as seems to be present in this lethal mutant. The fact that it 
does exist provides the necessary premise to the hypothesis that there is one primary 
effect from which the entire pattern of damage is derived. Proof of this hypothesis 
involves determination of the nature of the primary effect. Previous work as to the 
existence of a primary effect more basic than the hormonal effect in such as salivary 
gland, imaginal discs, and gonads, through transplantation of these organs into a 
normal host with little or no effect, and also present work concerning the effect on 
the brain and the differential effect on the salivary gland in comparison with other 
organs examined suggest the observation that the organs primarily and most severely 
affected are those that need to synthesize DNA most heavily. In view of this it seems 
a reasonable probability that the primary effect is concerned in a direct rather than 
generalized manner with the synthesis of DNA. This opinion finds some experimental 
confirmation in the selective effect on the salivary gland nucleus with regard to the 
cytoplasm. While the evidence does not conclusively establish, it does suggest the 
reasonable probability that in the /(2)g/ mutant there is a primary effect common to 
all tissues concerned with the synthesis of DNA, and a secondary, superimposed 
hormonal effect arising from the operation of the primary effect in the ring gland. 
Thus, the syndrome of retardation in this mutant would be classified as ‘‘spurious” or 
‘‘cell-reactive” pleiotropism resulting from unitary gene effect. 


SUMMARY 


1. Cytophotometry of Feulgen stained preparations, employing the two wave 
length method, has been used to analyze the retardation in development of the lethal 
mutant /(2)g/ in Drosophila melanogaster, in comparison with its viable heterozygote 
and with the normal Stephenville wild type larva. 

2. Test measurements on rat liver nuclei establish that the accuracy of the method 
as practised in this laboratory is represented by a coefficient of variation of from 
eight to ten percent. 

3. Measurements on brain nuclei establish a diploid value in accordance with 
which values for other types of nuclei are grouped into polytene classes. 

4. Variation in DNA content of Drosophila nuclei, including experimental error, is 
represented by an average coefficient of variation of about 15 percent. 
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5. On the basis of measurements on nuclei of ring gland and salivary gland, no 
significant difference is found between the viable heterozygote of the lethal strain and 
the Stephenville wild type larva. 

6. Sex differences cannot be distinguished, and individual differences are slight. 
The larvae show great uniformity, both in speed of development and at maturity. 

7. By means of DNA as a quantitative index, the course of development of both 
normal and lethal larvae is charted. 

8. The chief conclusions from application of the DNA quantitative index to the 
l(2)gl mutant are as follows: the lethal effect is ubiquitous, affecting all organs; the 
ring gland nuclei are about 60 percent of normal at the 96-hour stage; retardation in 
corpus allatum, alimentary system, fat body, muscle, and epidermis nuclei is roughly 
correlated with that in the ring gland; a marked differential effect is evident in the 
salivary gland, the nuclei of which, in terms of DNA, are only about 20 percent of 
normal; and DNA measurements, combined with qualitative observation show that 
in the salivary gland the DNA is disproportionately reduced in comparison with total 
cell volume, this effect being particularly marked at the 120 hour stage. 

9. In combination with previous work as to the influence of the ring gland on 
pupation, the evidence, it is felt, incriminates beyond reasonable doubt the ring gland 
as the agent that retards larval development of the lethal mutant through super- 
imposed hormonal influence probably related to the oxidative metabolism of the cell. 

10. The evidence suggests the reasonable probability that the primary effect, from 
which the hormonal effect arises in the ring gland, is common to all tissues and con- 
cerned with the synthesis of DNA. Under this interpretation, the /(2)g/ mutant would 
be an example of “‘spurious” or ‘‘cell-reactive” pleiotropism originating in unitary 
gene effect. 
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HE studies described below are concerned with plants showing a phenomenon 

that has been variously termed mottling, mosaicism or variegation. The unify- 
ing descriptive characteristic of such phenomena is an altered content, appearance 
or structure of a cell or group of cells. The patches of altered tissue must have an 
apparently random spatial distribution in order to be classified here as a variegation 
rather than as a pattern. Particular cases of variegation have been attributed in the 
literature to virus disease, to mutable genes, to unequal plastid or gene-part segre- 
gations, to unstable interactions between genes and cytoplasm or among two or 
more chromosomal loci, as well as to various chromosomal aberrations. Specific 
references to the literature are contained in later sections of this paper. 

One of the major interests in variegation is concerned with the mechanism of 
differentiation of any cell or tissue, whether normal or abnormal. What is the nature 
and the mechanism of action of the system, genic and physiological, which controls 
development? Why is the system generally so stable and effectively buffered against 
environmental disturbance? What elements of the system are altered when it first 
becomes spontaneously unstable? What point in the genic-physiological system is 
the site at which each subsequent altered expression is initiated? What inherent and 
environmental factors influence the morphological distribution, the statistical fre- 
quency and the developmental timing of the instability? 

Penetrating answers to such questions may not be easy to attain, but a promising 
avenue of research in which to seek them is through study of a variegation culture 
in which departures from stable developmental expression are frequent. 

Analysis is begun below for a case of nonuniform spatial distribution of antho- 
cyanin production in flower petal cells. In this variegated phenotype, the presence of 
adjacent epidermal regions differing in degree or distribution of pigmentation re- 
sembles the color patterns of certain petals and leaves which have margins or proxi- 
mal areas differing from the rest of the tissue. Each case implies a problem in /issue 
differentiation. However, in the variegation there is no obvious correlation between 
pigmentation and such morphological regions as petal margins or leaf petioles. 
Other correlations must be looked for as clues to the cause of differential develop- 
ment. 

Data are presented to show that the spontaneous somatic instability described is 
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present in cultures which are altered from stable types at one, major chromosomal 
locus critical to their anthocyanin differentiating system. This primary thesis is 
developed further to show genetic differences present also among the variegated 
plants. 


MATERIAL AND METHODS 


A plant showing flower-color variegation arose in our Nicotiana culture in 1939. 
It appeared in an Fy» generation of the interspecific cross Vicotiana langsdorffii 
(n= 9) X_N. sanderae (n = 9), and was the origin of a line called variegated-1 which 
has been maintained by pedigree culture to the present. The strains used of these 
two species are highly homozygous and have been described and illustrated in pre- 
vious publications (SMirH 1937, 1943). 

The breeding program followed has included: (1) A series of five backcrosses to 
N. sanderae var. Sutton’s Scarlet each followed by selection for the instability, 
which has brought the variegated-1 character into a genotype close to the sanderae 
parent; and (2) appropriate crosses among the major distinct phenotypes of varie- 
gated-1 which have revealed a basically simple mode of inheritance, as well as com- 
plicating ramifications. 

In other cultures derived from the same interspecific cross there have originated 
more than six lines displaying heritable flower-color variegations of types different 
from that of variegated-1 and at least that many which resemble variegated-1 in 
appearance. In the study reported here emphasis has been placed upon certain 
aspects of the phenomena evidenced by variegated-1 and variegated-3, a pheno- 
typically somewhat different type. 

Description of flower color phenotypes 

The corolla of .V. sanderae is solid red in color due to the presence of anthocyanin 
pigmentation in the cell sap of the epidermis. Plants of variegated-1 bear flowers 
which fall into one or more of the following four classes: 1. Speckled, s—scattered, 
small clusters of red cells on a background of colorless cells. 2. Sectorial, S—frequent, 
clearly defined sectors of speckled tissue on a background of solid red tissue. 3. 
Rare sectorial, rare-S—very infrequent sectors of speckled tissue on a background 
of solid red tissue. 4. Dark speckled-Light speckled-Sectorial, DsLsS—frequent 
sectors of light speckling on a background that is dark speckled. 

Corollas showing the solid color typical for .V. sanderae var. Sutton’s Scarlet and 
each of the main phenotypes of variegated-1, in pedigrees genetically close to sanderae, 
are shown in figure 1. 

Although many plants of variegated-1 show only one phenotype of flower color, 
it is not uncommon for a plant to show two types, and individuals have been ob- 
served bearing all four major classes of flowers. The pairs which most commonly 
occur together on chimeral plants are: (1) S and s, (2) rare-S and S, and (3) DsLsS 
and s. 

The sectoring of variegated-1 may occur over a wide range of time during plant 
or flower development. Thus a sector may involve only a few petal cells or it may 
include half a flower, a whole flower, a branch, several branches, or perhaps even 
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FiGuRE 1.—Photographs of Nicotiana flowers. A. Nicotiana sanderae, solid red; B. Variegated-1; 
speckled; C. Variegated-1, rare sectorial; D. Variegated-1, dark speckled with light speckled sectors, 


and E. Variegated-1, sectorial. 


the petal cells of all the flowering branches in one plant. Such early sectoring events 
may account for speckled flowers occurring on plants which also bear sectorial 
flowers. In such cases the plants were classified as sectorial in the data tables. A 
similar convention in tabulation was followed for the other chimeral plants. 

Plants of variegated-3 bear flowers which resemble those of variegated-1 except 
for a dramatic difference in the timing of the sectoring events. In this line the sectors 
are frequent but medium to small in size, giving a flecked appearance to the petals. 
Chimeral plants, bearing more than one major phenotype of flower, are rare pre- 
sumably because sectoring events occurring early in development are rare. Figure 2 
shows successive flowers harvested from such a rare chimeral branch of variegated-3. 
Such chimeral branches are more common in variegated-1. 

GENETIC RESULTS 
The V locus 

In the cross of variegated-1 X sanderae, or its reciprocal, it has been invariably 
true that all F, progeny bear uniformly solid red, nonvariegated flowers. A pri- 
marily simple genetic basis for the variegation phenomenon is shown by the segre- 
gations obtained in seven families of F» progeny from this cross (table 1). Although 
family 51107 gave a segregation heterogeneous to the others, the remaining six 
families are statistically homogeneous and support the hypothesis of an F2 progeny 
segregation of three solid to one variegated. 

Segregations are available from testcrosses of two general types: (1) those in- 
volving the cross of a heterozygous diploid F; with variegated-1, and (2) those in- 
volving the cross of a heterozygous trisomic F; with variegated-1. Crosses with the 
trisomic type containing an extra chromosome 2 (SmitH 1943) have been found 
generally to give segregations different from those of the other testcrosses. Data 
for this latter group, omitting trisomic-2 families, are presented in table 2. The 


segregation is clearly in the proportion of one solid to one variegated. 
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FicurE 2.—Photographs of Nicotiana flowers from a single branch of a variegated-3 plant. The 
flowers are numbered from 1-8 in order of bloom and are placed in angular positions according to 
the branch phyllotaxy. The figure illustrates the qualitative (speckled or sectorial) and quantitative 
(size and frequency of sectors) variation in variegation which may occur among flowers from one 
plant. The phenotypes of flowers 3, 4, 5, 7, and 8, in conjunction with their respective positions, show 
a pattern suggestive of a speckled sector from 144° to 360° in the apical meristem of the branch. 


Segregations in testcrosses of trisomic-2 plants are shown in table 3. Since the 
first six of the nine families deviate significantly from a 1:1 proportion there can be 
no doubt that trisomic-2 families require separate consideration. They also differ 
among themselves, falling into three groups: (1) in which the variegated individuals 
clearly exceed the solids, (2) in which the solids predominate, and (3) in which the 
two classes of progeny are about equal. 

The 1:2 and 2:1 proportions of groups 1 and 2 can be explained on the basis of 
trisomic inheritance. Each ratio is expected among diploid progeny when, respec- 
tively, the simplex and duplex trisomic heterozygote is involved in a testcross with 
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TABLE 1 


F's segregation from self-pollinating the hybrid, variegated-1 *K N. sanderae 


Progeny s°*gregation 3:1 Hypothesis 
Culture Total progeny 
Solid Variegated Chi square d.f. P 
51105 51 14 65 0.42 1 0.51 
51107 72 39 111 6.08 1 0.015 
51109 58 12 70 a.a% 1 0.12 
$5338 32 16 48 1.78 1 0.17 
$5439 58 21 79 0.11 1 0.74 
$5441 49 15 64 0.08 1 0.78 
$5443 55 15 70 0.48 1 0.47 
Total 375 132 507 0.29 1 0.58 
Heterogeneity 10.96 6 0.09 
Total, omitting 51107 303 93 396 0.49 1 0.47 
Heterogeneity, omitting 4.68 5 0.48 
51107 
TABLE 2 
Segregation among diploid progeny of the testcross, heterozygous F, XK variegated-1 
Diploid progeny 
aie ais on Total diploid 1:1 Hypothesis 
Solid Variegated Chi square d.f. P 
$5339 2n 15 25 40 2.50 1 0.11 
$5440 2n 24 23 47 0.02 1 0.88 
$5442 2n 37 37 74 0 1 0.99 
$5444 2n 45 32 77- 2.19 1 0.17 
50107 2n 1 35 37 72 0.06 1 0.82 
51112 2n + 1 ae 29 56 0.07 1 0.78 
51113 2n 1 30 30 60 0 1 0.99 
51117 2n + 1 29 28 57 0.02 1 0.89 
$5345 2n 3 12 7 19 1.32 1 0.25 
$5346 2n + 4 23 13 36 2.78 1 0.09 
$5221 2n + 5 30 27 57 0.16 1 0.69 
50108 2n 7 22 19 41 0.22 1 0.65 
51119 2n +7 29 31 60 0.07 1 0.79 
$5347 2n + 8 5 10 15 1.67 1 0.19 
51120 2n +C 22 27 49 0.51 1 0.46 
Total 385 375 760 0.13 1 0.71 
Heterogeneity 11.45 14 0.65 


a diploid recessive. The consistent excess of variegated individuals above the ex- 
pected two thirds among diploids in the group 1 cultures may indicate preferential 
synapsis of v,/v, bearing chromosomes in the simplex trisomic parents. This inter- 


pretation is possibly substantiated by the excess of solid colored segregants over 
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TABLE 3 
Segregation among diploid and trisomic progeny of the testcross, heterozygous trisomic-2 
X variegated-1 


Diploid 


progeny Total 1:2 Hypothesis 2:1 Hypothesis Trisomic 
Grou Culture Gener oe 1 ol i 1 ai 
ti i ation* pe pata 
progeny — oF 
Solid | Var. eames d.fse P janes d.f. P Solid | Var 
1 $5216 BC, 6 | 25 31 2.72 1 | 0.10 1 3 
$5219 BC, 9 | 31 40 2.11 1 | O55 2 0 
$5340 BC. re ie | 24 0.19 1 | 0.66 3 2 
$5452 BC; 13: | 35 48 0.84 1 0.36 3 0 
$5453 BC; 10 24 34 0.23 1 0.64 5 0 
2 51118 BC, 38 | 18 56 0.04 1 | 0.85 4 0 
$5218 BC, 9 3 12 0.38 1 | 0.54 2 1 
3 $5217 BC, 29 | 23 52 - — 6 0 
$5344 BC, 10 9 19 4 0 
Group 1 total 45 132 177 4.98 1 0.03 14 5 
Group 1 heterogeneity 1.11 4 0.89 


* BC), BCs, and BC; designate first, second, and third backcrosses, respectively, to diploid 
speckled plants (v,7,) of solid-colored trisomic-2 plants heterozygous (Vv or Vvv) for variegated-1. 


expectation in the pooled trisomic progeny of this group, although the numbers 
are small. 

The 1:1 proportions in the families of group 3 are not expected. They cannot be 
explained as having come from diploid parents, for both families contained trisomic 
progeny. Since these trisomics are all solid-colored the preferred inference is that 
the two families belong to group 2. 

Comparison of the phenotypic segregation among the trisomic-2 progeny of group 
1 with the pooled phenotypic segregation among the trisomic progeny of non-2 
trisomics is instructive. The former fit closely to a 2 solid:1 variegated ratio while 
the latter approximate a 1:1 ratio. 

On the basis of the data presented it is proposed that individuals of variegated-1 
phenotype possess a genetic locus, v. .V. sanderae is homozygous for V, which behaves 
in our genetic tests as a dominant allele of v. Individuals homozygous or heterozygous 
for V invariably bear flowers which are solid-colored, nonvariegated. The single- 
factor mendelian segregations, which support the involvement of one locus, are 
supplemented by trisomic ratios which indicate that the locus is situated in chromo- 
some 2 of the complement. 

Since sanderae is homozygous for a basic color factor, P, necessary for the pro- 
duction of anthocyanin pigmentation (Smiru 1937), it is of interest to investigate 
possible relationships between P and V. The homozygous recessive, p, has white 
flowers whereas homozygous recessive 7, is expressed as a restriction of anthocyanin 
coloration giving a white background with red spots. Data, obtained from a rather 
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limited number of test progeny, are consistent with the hypothesis of independent 
assortment of P and V; and, it is clear that, if linked, P and V at least do not lie 
close together on the same chromosome. 


Allelic forms and segregational differences 


Although it is shown that the variegated-1 phenotypes, considered as a pooled 
class in crosses with sanderae, are controlled in inheritance by a basically simple 
genetic mechanism, there is abundant evidence that the variegated plants possess 
at least two allelic forms of 2. 

Evidence for alleles of v is contained in genetic data from self- and cross-pollina- 
tions among the major variegated-1 phenotypes: speckled (s), sectorial (S$), and 
rare sectorial (rare-S). These data, grouped according to parental phenotype, are 
shown in table 4. Segregant progeny scored as DsLsS phenotype are omitted from 
the tabulation. The frequency of this class is low and can be determined for each 
family as the difference between the total number of progeny and the sum of the 
frequencies of the three recorded phenotypes. 

It can be seen from the pooled averages that progeny from self-pollinations of 
speckled, sectorial, and rare sectorial give widely different segregations; thus, demon- 
strating that these three phenotypes posses different genotypes. Speckled parents 
give a preponderance of speckled progeny, rare sectorial parents a preponderance 
of rare sectorial progeny, and sectorial parents tend to have all three phenotypes 
well represented among their progeny from self-pollinations. Certain families which 
are starred in table 4, are heterogeneous to their phenotypic group and give segre- 
gations more nearly like those typical for the breeding behavior of another pheno- 
type. If these families are removed and totals calculated from the remainder, modal 
segregations are obtained as shown in table 5 for each of the cross- and self-pollina- 
tions. 

Further insight is attained by comparing these segregations with mendelian ratios 
which they most nearly approximate. A working hypothesis, suggested by the data, 
is that there are two allelic forms of the variegated locus, namely: v, for speckling 
and vs for unstable solid, i.e., sectorial. The three major phenotypes of variegated-1 
are interpreted as being of the following genotypes: 


Abbreviated 


Phenotype designation Genotype 
speckled s Vs Us 
sectorial 5 Us Us 
rare sectorial rare-S Vs Us 


The allele vs is dominant over 2, and is characterized in expression by solid-color 
tissue until the occurrence of a somatic sectoring event which results in loss of the 
solid color and assumption of a typical speckled appearance. The nature of this 
somatic event, by which unstable zx is distinguished from the stable V of sanderae, 
has all the appearance of a mutation from vs to 2,. In a developing epidermis the 
cell-lineage derivatives of a daughter cell resulting from the change of vs 2, (solid 


tissue) to v, 2, Constitute a speckled sector in the mature petal. It follows that a 
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TABLE 4 


Segregation among progeny from self- and cross-pollinations of the main phenotypes of variegated-1 


Progeny segregation 


Culture Phenotype of parents Total progeny 

Speckled Sectorial .: # 

*41144 s (X 31 10 12 9 
41154 s(X 6 5 1 0 
*41155 S(X 17 1 5 6 
41163 s(X 25 24 1 0 
42041 s (X) 98 96 2 0 
43014 s(X 12 11 0 0 
*43027 s(X 11 5 3 3 
43033 s (X 9 9 0 0 
4689 s(X 58 52 5 0 
*46105 s (X 18 5 9 4 
46112 s (xX 13 13 0 0 
46113 s(X 37 35 2 0 
4783 s (X 13 10 3 0 
48019 s (X 25 23 2 0 
49175 s (X) 36 35 1 0 
49196 s(X 52 46 5 0 
50103 s(X 56 46 8 1 
51104 eC) 64 61 2 0 
*51114 s(X 56 19 21 16 
$521, 52079B s(X) 69 56 10 1 
$537, S547 s(X 131 117 13 0 
*$538, S546 s (X) 179 103 71 2 
$539, $5413 s (X) 117 100 16 0 
*$5310, S543, 4 s(X 157 51 77 29 
$5311, S548 s (X) 122 93 26 1 
$5327, S541, 2 s(X 110 100 10 0 
$549 s (X 26 21 4 1 
$5411 s (X 77 62 12 0 
$5412 5 (xX 80 69 8 1 
Total s (X) 1,705 1,278 329 74 
Percent s (X) 76.02 19.57 4.41 
$5312 sxXs 41 33 5 1 
*S5313, 14 rx 109 50 47 10 
*$5315 sxXs 19 7 12 0 
$5341 sXs 32 26 3 2 
$5342 nas 22 21 1 0 
Total sXs 223 137 68 13 
Percent ax 62.84 31.19 5.97 
41046 S (X) 17 7 6 4 
41138 S (X) 27 13 12 2 
41139 ex) 28 8 11 9 
41143 = (><) 30 7 17 6 
42040 S (XX) 78 27 39 12 








Culture 


43026 
*43035 
4627a 
*4631la 
4695 
46106 
48115 
48118 
*49199 
*50105 
51108 


Total 


Percent 


*$531C 
$5318 
$5454 
$5455 
$5456 
$5424 


Total 
Percent 


43024 
4788 
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TABLE 4. Continued 


Culture Phenotype of parents 


*S5316 s X Rare-S 
$5317 s X Rare-S 
$5428 s X Rare-S 
*52074 Rare-S X s 
$5458 Rare-S Xs 
Total s X Rare-S and 


Percent Rare-S X s 


$5321 S X Rare-S 
$5459 Rare-S X S 
Total S X Rare-S and 


Rare-S X S 


Percent 


(X) Selfed. 
s = speckled. 
> 
Rare-S = rare sectorial. 
* 


= sectorial. 


heterogeneous within phenotype group. 


TABLE 5 


Total progeny 


17 
20 
51 
24 
39 


569 


Progeny segregation 


Speckled 


Rare 


Sectorial pirical 


8 & 

17 0 

34 7 

6 1 

27 8 

92 24 
61.33 16.00 

15 12 

16 20 

31 32 
46.96 48.48 


Voda! segregations in selected families from self-pollinations and intercrosses among the main phenotypes 


of variegated-1 


Progeny totals 


Parental phenotype 


s Ss Rare-S |Total 
s (X) 1084 131 | 5 |12200. 
sXs 80 9 3 92)0. 
S (X) 236 401 140 777/0. 
Rare-S (X) 3. 16 150 1690. 
sixiSE@3 X34 222; 208 8 4380. 
ies Rare-S & Rare-S e 4 Ss 16 78 15 109.0. 
S X Rare-S & Rare-S XS a US 32 660. 


Progeny 


s 


889 0. 
8700. 
3040. 
0180. 
5070. 
1470. 
046.0. 


Mendelian ratios 


frequencies 


approximated 


Ss Rare-S 


107,'0.004 1. 
098 .0.032)1 
516.0.1800. 
095.0.887)/0 
475 0.0180. 
716 0.1370 
470 0.4840 
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rare sectorial, vs vs, plant would require two such events in a single cell lineage to 


originate a speckled sector. The expectation, on the assumption of independence of 


the events, would be the square of the frequency of the single event and thus would 


account for the lower frequency of sectors observed. 


The phenotype of speckled suggests (by the presence of occasional small sectors 


of solid tissue as in figure 3A, and perhaps also by the very presence of the pigmented 
cells which constitute the speckling) that the 2, allele may “‘back mutate”’ to vs. 
If events having the characteristics described for somatic tissue were to occur 
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md 4 mi 
FiGuRE 3.—Photomicrographs of Nicotiana petals. A. Light speckled variegation: infrequent small 
clusters of red-pigmented cells scattered among colorless cells; and a larger sector of pigmented cells; 
and B. Dark speckled variegation: more frequent and larger clusters of red-pigmented cells. Diffusion 
is evident into the region surrounding each pigmentation center in both A and B. 


also in germinal or pregerminal tissue, this would provide a mechanism for explaining 
the modal segregations shown in table 5. 

If their genetic loci were stable, the three main types of zygotes proposed would 
be expected to produce respectively the following proportions of gametes: speckled, 
100 percent v,; sectorial, 50 percent v, and 50 percent vs; and rare sectorial, 100 per- 
cent vs. The zygotic proportions obtained in progeny from self-pollinations are, 
however, not the typical mendelian ratios characteristic of stable loci. Instead the 
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progeny segregations are as if the respective frequencies of the v, gametes are those 
shown in the last column of table 5. As a working hypothesis, the aberrant ratios 
are attributed to altered gamete frequencies which are the net product of interallelic 
mutation rates. A study of such a culture takes on many of the aspects of a study 
in population genetics. 


Estimation of sources of segregational variability 

Sources eliminated. In material which gives ratios as unfamiliar as those presented 
here, there is particular merit in obtaining assurances that the segregations are re- 
peatable. Limited data are available from duplicate samplings of each of two seed 
lots which indicate homogeneity of the duplicate families at probability levels of 
0.22 and 0.64. Differential temperature treatment of duplicate samples grown at 
50°F and 80°F during 23 days from germination through early seedling develop- 
ment was ineffective in producing significantly different segregations. It was con- 
ceivable that competition among segregants in a crowded seed pan, accompanied 
by unconscious selection of those seedlings grown to maturity, could be a source of 
bias in the data. However, sparsely and abundantly sown samples of the same seed 
lot do not yield significantly different segregations. In addition, two tests have 
indicated that synthetic mixtures of two seed-lots in known proportions result in 
segregations which are proportional syntheses of the segregations obtained for 
samples of the two seed-lots grown independently. Thus, evidence available shows 
that the segregations, odd as they may be, are obtainable repeatedly from the same 
seed-lot under the conditions employed. Sample differences and cultural environment 
evidently are not serious sources of variation in segregation. 

It was also conceivable that deviations of the observed segregations from men- 
delian expectation might be due, not to inherent gametic proportions, but to com- 
petition among pollen tubes bearing the different gametes. If such a competition 
exists it should be removable, or at least reducible, by sparse pollination. Several 
sparse and abundant pollinations were made, using only one bloom as male on each 
of two sectorial plants. There was no indication of a segregational difference due 
to sparse pollination. Thus, the preferred interpretation is that gametic frequencies 
dictate the genotypic constitution of the resulting seed-progenies which, in turn, 
are affected by developmental events; so that both phenomena, acting in conjunction, 
determine the phenotypic segregations observed among flowering plants. 

Differences among major phenolypes. The data presented in tables 4 and 5, showing 
that the three major phenotypes breed differently, were obtained largely from 
individuals in different families. It is of interest to know if sister plants, representing 
the different phenotypes, also breed differently. Seeds from unprotected pollinations 
were harvested from six groups of plants in one family, two groups for each of the 
three phenotypes. Each group was made up of bulked seed from a number of cap- 
sules (at least 24) from four or more sister plants of the same phenotype. The segre- 
gations were distinctly different among progeny of different phenotypes and con- 
sistent within phenotype groups of sister plants. 

Differences among plants of the same major phenotype. Two main types of observa- 
tions have been used to demonstrate differences among plants belonging to the 
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speckled phenotype. In the first, speckling intensity was estimated by counting the 
frequency of pigmented epidermal cells per microscopic field of view, which encom- 
passed approximately 200 cells at the magnification used. This is, essentially, a 
measure of the density of pigmented cells, an important element of phenotypic 
speckling intensity. 

During a period of six days in the summer of 1952 20 speckled plants (self-progeny 
of one speckled individual) were scored. Three flowers were harvested from each 
plant and ten fields of view were counted on one lobe of each flower. The plant means 
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FiGuRE 4.—Regression of progeny mean speckling intensity on parental mean speckling intensity 
in Nicotiana flowers 





The scale of measurement is proportional to the frequency of pigmented cells in 
the petal epidermis. The circles represent families from self-pollination; while the crosses are for 


families from cross-pollination plotted against their mid-parental speckling intensity. The points do 
not deviate significantly from a linear regression. 
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for number of pigmented epidermal cells per field of view ranged from eight in the 
very light-speckled to 33 in the darkest speckled. There were peaks at 13 and 23. 
It is clear that the 20 sister plants scored in this family fall into at least two, and 
probably more, phenotypic categories with respect to. their speckling intensity. 
Further data would be needed to determine if this pattern of distribution holds, in 
general, for all speckled families. The photomicrographs in figure 3 show the differ- 
ence in frequency of pigmented cells in the epidermis of a light-speckled and a dark- 
speckled flower petal. 

Progeny tests have been carried out to investigate the extent to which the pheno- 
typic difference in speckling intensity among plants is heritable. For this purpose 
self-progeny were grown from seven speckled plants along with three families re- 
sulting from cross-pollinations. The parents were cultured as clones and were grown 
in the same field with their offspring. Flowers from parents and speckled progeny 
were scored for speckling intensity by counting numbers of red cells per microscope 
field of view, as described above. 

Analysis of the data revealed a linear regression of progeny mean speckling in- 
tensity on parental mean speckling intensity. The regression is shown graphically 
in figure 4. It is highly significant when tested against the mean square for deviations 
from regression. Thus it is concluded that hereditary factors contribute to differences 
in speckling intensity among plants. 

Still another method was employed to demonstrate heritable differences among 
individuals of the speckled phenotype. The Hunter Color Difference Meter was 
used to rate the speckling intensity of a parental generation. The scores recorded 
are measures of absorption of light for petals of each parent plant on a scale in which 
white equals zero and solid-red equals 100. In the self-progenies of nine selected 
speckled plants and four crosses between plants, a value was calculated which is a 
measure of the frequency of dominant 2s alleles in each family. This quantity, the 
percentage of vs alleles, was arrived at by expressing the sum of the rare sectorial 
progeny (vs vs) and one half of the sectorial progeny (vs 2.) as a percentage of the 
total progeny. In some families a correlation was observed between speckling in- 
tensity of the parent and frequency of vs alleles in the progeny, as summarized below: 


—- Paar oo ae 
self 22.6 7.6 2.9 
52.8 20.5 21.4 
82.7 38.0 44.4 
cross ny | 22.6 
a | 28.4 
67.8 31.6 


In the remaining families, six self-progeny and one cross-progeny, there were 
fewer than ten percent 7s alleles and no apparent correlation with speckling intensity 
of their parental plant. Repeated tests (1953 and 1954) showed definitely, however, 
that individuals of the speckled phenotype may differ consistently in the frequency 
of the dominant 7s allele appearing in their progeny. 

The dark-speckled plant which gave 38 to 44 percent vs alleles in its progeny 











574 H. H. SMITH AND S. A. SAND 


actually closely approximated the proportion of segregants expected for a sectorial 
plant. However, it is unlikely that this plant is a periclinal chimera in view of the 
fact that 17 shoot cuttings and 16 root cuttings have all had dark-speckled flowers. 
If one accepts this plant as genotypically speckled it then appears that certain 
speckled plants undergo a sufficiently high frequency of reversion of 2, to vs so that 
their gamete proportions approximate those of sectorial plants. 

The complexity of phenotypic expression of speckling intensity, in the families 
studied here, would be expected to contribute to the difficulty in establishing a 
direct correlation with frequency of vs alleles among progeny. Speckling intensity 
is not a simple variable. It reflects differences in the proportion of colored to white 
cells (speckling density) as well as differences in intensity of pigmentation within 
the colored cells. Furthermore, when pigment intensity is great there is apparently 
more extensive diffusion from the heavily-colored cells into adjacent areas of colored 
cells. 

It is tentatively concluded that speckling density may provide a phenotypic 
measure for predicting the frequency of vs alleles among progeny of speckled plants. 
However, a clear demonstration of this point, at least if the Hunter Color Difference 
Meter is to be used, will require that the families are homozygous for genetic factors 
affecting pigment intensity as a component of speckling intensity. 

Genetic differences between sectorial plants are shown in table 6 where data are 
presented for two sister sectorial plants, the breeding behaviors of which have been 
tested over a period of two years. The segregations in their progeny are compared 
in terms of the frequency of recessive alleles calculated as the sum of the number of 
speckled progeny (2, v,) and one half the sectorial progeny (vs v,) and expressed as 
a percentage of total progeny. The segregations are highly significantly different 
when tested by homogeneity chi square. The parental phenotypes are also quanti- 
tatively different, as measured by their frequency of sectoring. This frequency is 
expressed as the number of sectors per angular degree of petal epidermis (360 de- 
grees constituting a whole flower). 

The data show correlation between the frequency of sectors of recessive somatic 
tissue and the frequency of recessive 2, alleles obtained in self-progeny of sister 
sectorial plants. 


Difference between flowers of the same phenolype, plant, or clone 


It is shown in table 5 that the average breeding behavior of speckled-flowered 
plants is to give progeny that are 88.9 percent speckled, 10.7 percent sectorial, and 
0.4 percent rare-sectorial. However, as shown in table 4, seven families out of 29 
bred as though they were of a genotype different from speckled. At least four of 
these (41144, 46105, 51114, and $5310-S543,4) gave offspring frequencies essentially 
the same as self-progeny of sectorial plants. It is concluded that the layer of tissue 
giving rise to the germ cells was of sectorial (vs 2.) genotype whereas the epidermal 
layer was, as a result of early mutation (vs — 2,), speckled throughout the entire 
plant. 

Similarly, although the modal frequency for self-progeny of sectorial plants is 
30.4 percent speckled, 51.6 percent sectorial, and 18.0 percent rare-sectorial (table 
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5); six families out of 19 bred as though they were of a different genotype (table 4). 
Three of these (43035, 4631a, and 50105) gave segregational ratios typical for self- 
progeny of speckled plants. This was also true of one family the phenotype of which 
was rare-sectorial (S531C, table 4). It is concluded, therefore, that mutational 
events may occur independently in the tissue layers of the plant so that the epi- 
dermal layer (by which the phenotype is classified) may be different genetically from 
the layer that gives rise to the sex cells. More detailed information on this point 
can be obtained by a study of progeny from single flower pollinations on different 
parts of one chimeral plant and by use of clonal material. 

Seven tests of the consistency of the breeding behavior of speckled plants were 
made by using seed produced from pollinating the same plant in a different year. 
In only one test was the segregation significantly different from that obtained in 
the original test. On the other hand, in three out of four comparisons involving 
sectorial plants, the segregation in the repeated test was significantly different from 
that of the original. The implication is that different flowers employed in producing 
seed from the same plant, particularly if it is a sectorial plant, may give different 
progeny segregations. 

During the process of studying the variegation problem over 500 cuttings from 50 
different plants have been cultured and observed at flowering. Some of the clones 
have been maintained for two and three years by care during the winter in the 
greenhouse. The material is capable of indefinite culture in this manner. 

Of the 50 clones 21 have contained one or more cuttings which gave flower pheno- 
types different from those observed on the respective parent plants. 

One clone, particularly worthy of note, produced only dark-speckled, light-speckled 
sectorial flowers in the field in 1952. Yet it has yielded 36 stem cuttings nearly 
equally divided among the parental phenotype (DsLsS), speckled, sectorial, and 
rare sectorial phenotypes. Thus all four of the major phenotypes obtainable among 
sexual progeny have been derived by asexual propagation from a single stock plant. 

Twelve single-step one-directional changes are conceivable among the four major 
phenotypes, and of these, all have been observed at least once with the exception 
of that from speckled to rare sectorial. Even this change has been observed in a 
single clone occurring in two steps from speckled through sectorial to rare sectorial. 

It should be mentioned that among the variegated-1 phenotypes that of speckled 
appears to be the most stable. Also, no gross phenotypic alterations have been ob- 
served in a large clonal culture of the flecked variegated-3. 

Comparative genetic tests, employing progeny of phenotypic chimeral plants and 


TABLE 6 


Correlation between frequency of sectors in sectorial plants and the frequency of v. alleles in their progeny 


Segregation homogeneity 


Sectorial plant Parental : nee 
selfed sectors/ degree No. progeny 
Progeny % v, Chi square d.f. P 
$527-34 0.55 + 0.08 57.3 289 
$527-36 0.74 + 0.04 73.0 252 


28.33 2 0.0001 
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clones, have been used to investigate the variegation problem further. In table 7 
the results of eight such tests are presented, the last three of which indicate signifi- 
cantly different segregations. 

In general the procedure was to self-pollinate flowers of two different phenotypes 
appearing on chimeral branches or clones of one plant. However, in next to the last 
test shown in the table two sectorial flowers were pollinated, one by a sectorial and 
the other by a speckled flower from this same plant. Also, in the last test shown in 
table 7 one sectorial and one speckled flower, each on different branches of a sectorial 
plant, were pollinated with a single flower from another plant which was entirely 
speckled. 

It is to be noted that two of the three tests showing significant differences in table 
7 involve single flower pollinations. The first six tests in the table establish that sig- 
nificant differences in average breeding behavior between flower phenotypes are 
not necessarily demonstrable when capsules from several pollinations are bulked. 
Such differences do exist, however, between single flowers of the same plant as shown 
by the last two tests in table 7. In general, the particular sectoring events which 
alter the proportions of somatic tissue in the epidermal layer of the flowers are 


TABLE 7 
Com parative segregations from two-membered chimeral plants and clones 


Homogeneity 





No. of hypothesis 
Culture Parentage Phenotype cap ——— 
sules Chi 
5 S Rare-S ww P 
square 

$537 $521-48 (X) s branch (X) 4 62 12 0 

S536 $521-48 (X) S branch (X) 3 21 3 0 0.19 1 0.66 
$547 $521-48 (xX) s clone (X) 3 55 1 0 

$5419 $521-48 (X) S clone (X) 4 56 6 0 3.28 1 0.07 
$5420 $5314-30 (X) DsLs S branch (X) 4 59 6 0 

$5421 §$5314-30 (x) s branch (X) 2 65 2 0 2.26 1 (0.13 
$5422 $5317-14 (x S branch (X) 4 7 23 6 

$5423 $5317-14 (X) s branch (X) 3 s 28 19 3.50 2 10.18 
$5424 $5321-23 (X) Rare-S branch (X) 2 1 9 13 

$5425 $5321-23 (X) S branch (XX) 1 0 4 6 0.002. 1 0.99 
$5433 $527-36 (X) S clone (X) 4 60 25 1 

$5418 $527-36 (X) s clone (X) 3 22 34 5 13.60 1 0.0002 
$526 51105-30 () S branch (XX) 1 33 9 2 

$527 51105-30 (x) S (X) s branch 1 12 18 1 11.11 1 0.001 
$5214 51107-52 X S branch X 1 23 10 0 

51105-36 § 
$5215 51107-52 X s branch X 1 15 23 1 6.48 1 0.011 


51105-36 § 
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TABLE 8 


Com parative segregations from different phenotypes within two chimeral clones 


; No. of Progeny segregation 

Culture Parentage Phenotype capsules 
s S Rare-S DsLsS 

5 $526-6 (X) Rare-S (X 5 74 6 0 0 
$5327 $526-6 (X) s (X) 2 26 4 0 0 
$5326 $526-6 (X) Rare-S X s 2 34 4 0 0 
$5328 $526-6 (X) s X Rare-S 3 31 7 0 0 
$5416 $5210-1 (X) s (X) 4 50 3 1 1 
$5415 $5210-1 (xX) os (xX) 5 24 10 53 2 
$5414 $5210-1 (X) Rare-S (X) 5 8 14 32 0 
$5417 $5210-1 (X) DsLsS (X) 3 23 2 27 12 


apparently relatively independent of the similar events which are considered to 
cause the demonstrated alterations in germinal tissue in different flowers. 

More intensive tests are available for two chimeral clones, genetic data for which 
are shown in table 8. The parent plant of the first clone, $526-6, was of rare sectorial 
phenotype but cuttings from it were of two types: rare sectorial and speckled. Self- 
pollinations of the two types and reciprocal crosses between them reveal a consistent 
speckled breeding behavior for all families. This represents our best documented 
case for the existence of periclinal chimeras in the variegated-1 culture. Although 
the parent plant and more than half its cuttings were of rare sectorial phenotype, 
not a single rare sectorial offspring was observed among 186 progeny from 12 seed 
capsules. 

The parent plant of the second clone, $5210-1, was of DsLsS phenotype but cut- 
tings from the parent represented four phenotypes: s, S, rare-S, and DsLsS. Self- 
pollinations of each of these phenotypes gave the segregations shown in the second 
part of table 8. The segregation among progeny of speckled selfed, s (X), is clearly 
different from the other three families which are themselves statistically hetero- 
geneous. The segregation for DsLsS selfed is significantly different from that for 
both S selfed and rare-S selfed, although the latter two families differ from each 
other only at the five percent level. Thus the clone contains members of at least 
three categories of breeding behavior and, by inference, members of at least three 
genotypes. This is the best documented case favoring the interpretation that the 
phenotypic sectoring events observed in the variegated-1 cultures represent altera- 
tions in the genotype. 


PRELIMINARY CYTOLOGICAL STUDIES 


A limited number of cytological observations have been made on microsporocytes, 
root tips, and young lateral shoot meristems prepared by the aceto-orcein smear 
method. Sufficient data have not yet been obtained from a large enough sample of 
plants with adequate controls to permit more than a preliminary evaluation of the 
cytological characteristics of the material. 

A summary of the data available on mitotic anaphase aberrations is presented in 
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TABLE 9 


Summary of observations on the frequency of mitotic anaphase aberrations 


Mitotic late anaphase cells scored 


Culture % Aberrant anaphases 
Normal Bridge Fragment 
Variegated-1 1538 7 6 0.84 
Variegated-3, flecked 276 3 1 1.43 
Sanderae 123 0 0 0 


TABLE 10 


Summary of observations on the frequency of micros porocyle anaphase I aberrations 


Anaphase I meiocytes scored 


Cultur % cells with % cells with 
‘ ; laggards fragments 
Normal Laggards Fragments 
Variegated-1 795 187 149 16.53 13.17 
Sanderae 220 46 6 16.91 2.21 


table 9. There is unquestionably a low frequency of somatic bridges at late anaphase 
in the two variegated cultures. There is however a serious paucity of observations 
on sanderae and, furthermore, the other different variegated phenotypes have not 
been studied cytologically. While the possibility of a correlation between mitotic 
aberrations and the variegated phenotype may exist, or at least cannot at present 
be ruled out, the genetic data do not support an interpretation of loss of chromosomal 
material as the cause of variegation. 

A summary of the data obtained from studying microsporocytes at first anaphase 
is presented in table 10. A relatively high frequency of bridge-like formations at 
early first anaphase is characteristic in this material. It appears to be a manifestation 
of lack of synchronization in separation of the bivalents, as if a chromosome sticki- 
ness were present. This is characteristic of sanderae as well as of variegated-1. Cells 
were classified as containing laggards in table 10 if either this formation or lagging 
chromosomes were observed. 

The frequency of meiocytes containing fragments may be higher in variegated-1 
than in sanderae, as indicated by the data in table 10; but this may be of no pertinence 
to the variegation problem since the variegated cultures are of relatively recent 
hybrid origin. A control culture more appropriate than sanderae would be nonvarie- 
gated with a residual hybridity more nearly equivalent to that of the variegated 
cultures. 

DISCUSSION 

Evidence has been given that a particular genotype, differing from sanderae in 
only one locus (V), must be present to show the variegated-1 phenotype. Homozy- 
gosity for v insures that one of the variegated-1 phenotypes will be displayed. 

Two alleles at the variegated locus, 2, and vs, are necessary and sufficient to ac- 
count genetically for different modal breeding behaviors of the three major varie- 
gated-1 phenotypes: speckled, sectorial, and rare sectorial. 
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Deviations from modal breeding behavior and from Mendelian expectation, 
demonstrably not due to sampling errors, suggest that 2, and vs are unstable states 
of the variegated locus. However, despite changes in both directions, the variegated 
locus appears constant in its instability, in the sense that it remains v without giving 
rise to detected V in the form of stable red or stable white individuals. 

Evidence obtained from favorable clonal material has indicated that the pheno- 
typic sectoring events are correlated with alterations in breeding behavior. Since 
reciprocal crosses give the same progeny segregations, it appears untenable to con- 
sider the phenotypic sectoring as an expression of physiological instability of a 
gene influenced cytoplasmic system. Rather, the phenotypic sectoring phenomenon 
is interpreted as an expression of primary events occurring at the gene or chromo- 
somal level of cell organization. 

Since the mutant cells (7, — vs) in speckled epidermis are spatially distributed 
more evenly than the mutant cells (vs — 2,) in sectorial epidermis, there is greater 
phenotypic variation among flowers of a sectorial plant than among flowers of a 
speckled plant. The greater variation in progeny segregations from different flowers 
of the same sectorial plant thus becomes interpretable in terms of a similar difference 
in spatial distribution of mutant cells in the germinal tissue of sectorial 
versus speckled. 

A system of alternative expression of the v locus in somatic tissue is proposed, 
whereby changes between the 2, and vs alleles are correlated with changes between 
the potential absence and presence of pigmentation. Since genetic tests indicate 
that the change occurs in both directions, it is strongly implied that the change is 
reversible in germinal tissue. Reversible changes in somatic tissue, with that from 
v's to 2, (to produce sectors) occurring earlier in development than the reverse change 
(to produce speckling within the sectors), are consistent with the variegated-1 
phenotypes. In addition, colder temperatures increase speckling intensity but de- 
crease sectoring frequency (SAND 1955), which is an effect consistent with the two 
phenomena being reversals of each other. Since this concept of reversal in expression 
integrates the available facts and is subject to further test, it is entertained as a 
working hypothesis. 

The reversal indicates that there is inhibition and release from inhibition of a 
locus critical to pigment synthesis. If either condition had ever been observed to 
be permanent, somatic segregation or a loss mechanism conceivably could be pro- 
posed on the basis of chromosomal aberration. But in the absence of evidence for 
stable derivatives of v, the behavior of the material is more readily reconciled with 
that expected of a reversibly “mutable gene”’ or of a variegated-type position effect 
(Lewis 1950). Critical evidence is not now available to permit distinction between 
these two models. 

However, certain information about the origin and behavior of the variegated 
culture may bear upon its nature. Nonvariegated F,’s result from crosses of the 
variegated culture with .V. sanderae and with very rare exceptions from crosses with 
N. langsdorffii. It is reasonably clear from this observation in conjunction with 
segregations obtained in F. and test cross generations that the mendelizing unit, 2, 
correlated with variegation is unique to the unstable culture or at least is neither 
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homozygous nor heterozygous in sanderae or in langsdorffii. The tests indicate that 
if v is present in either sanderae or langsdorffii its frequency is very low. It thus 
appears more likely that v arose, and may be repeatedly generated, in the F; hybrid 
of \V. langsdorffii by N. sanderae. 

If this be its origin, it is conceivable that v could come into existence in the F; 
by (1) point mutation in an element of either the sanderae or the langsdorffii genome, 
or by (2) crossing over or translocation to produce an interspecific chromatin associa- 
tion. In the former case, v should be considered a mutable gene; whereas in the latter 
case v should be considered the result of a chromosomal rearrangement showing a 
variegated-type position effect. 

If the variegated Nicotiana cultures contain such a chromosomal rearrangement 
showing position effect, the rearrangement is likely homozygous due to selection 
for v which is genetically recessive. Thus it should maintain itself unaltered, in 
crosses within the culture, without giving meiotic products in which the normal 
arrangement is restored. This expectation is consistent with the failure to detect 
stable derivatives of the variegated locus. The origin of a rearranged chromosome 
is conceivable in the interspecific hybrid from which the variegated cultures derived. 
Since considerable meiotic chromosome pairing occurs in the hybrid (Smiru 1937), 
crossing over might occasionally produce a particular interspecific chromatin associa- 
tion giving a position effect. 

Interpretation of variegation phenomena and their relation to gene action and 
mutation is at present in a state of heightened interest and speculation owing to 
significant experimental results obtained mainly in Drosophila and in maize. Lewis 
(1950) has brought some order to a complex situation in Drosophiia by distinguish- 
ing between stable and variegated type position effects. The latter has been inter- 
preted in terms of intrachromosomal action between euchromatic genes and hetero- 
chromatin, beginning with the work of ScHuttz (1936) and including such examples 
as Demerec (1940), BeLGovsky (1946), PROKOFYEVA-BELGOVSKAYA (1947), and 
BAKER (1953). 

In maize different controlling elements and systems of interrelated elements, 
associated with but accessory to the genes, have been adduced which control gene 
action and mutation (McCtrintock 1951, 1953, 1956). Their most characteristic 
phenotypic effect is to give distinctive types of variegation. A number of such sys- 
tems have now been described: the Di-a; system (RHOADES 1941), the Ac-Ds system 
(McC Lintock 1951), the P**-M>p system (BRINK 1954), the Pg-En system (PETER- 
son, 1953, 1955), and the Spm-a,""' system (McCiixtock 1956). 

It is not possible at present with our Nicotiana material to make appropriate 
tests to distinguish between mutation and position effect (CATCHESIDE 1947; Jupp 
1955) nor to permit critical comparisons with the maize systems. Specifically we 
lack known linked marker genes and a stable recessive allele of the V locus. However, 
dark and light speckling in the Nicotiana variegateds may be analogous to dark 
and light mottling in Drosophila and to Ds or a;""! changes of state in maize. 

If the assumption is allowed that the Nicotiana case, based on analogy with Dro- 


sophila, represents a position effect in which “temporary modifications” (GERSE 
1952) or heterochromatization (PROKOFYEVA-BELGOVSKAYA 1947) may be specu- 
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lated, then the V locus may be visualized with a threshold value for genic inhibition 
midway between the maxima and minima of a heterochromatization cycle. Thus 
in somatic tissue a cell (giving rise by division to a sector) of potential mutant ex- 
pression originates when heterochromatization exceeds the genic inhibition threshold. 
The sector resulting would be colorless except that the heterochromatization cycle 
later falls below the gene inhibition threshold in certain cells within the sector per- 
mitting genic action and resulting in pigmentation. Reversibility in phenotypic 
expression results. In germinal tissue also the reversibility may occur, but apparently 
both the heterochromatic and the euchromatic conditions of the locus have sufficient 
persistence in sexual reproduction to permit their genetic detection. Respectively 
they have been named the unstable alleles v, and vs. This scheme is a speculative 
concept of the reversible “mutation” shown by 2. 


SUMMARY 

The origin, following an interspecific hybridization, of Nicotiana cultures showing 
flower-color variegation is described. 

The variegated-1 phenotypes of speckled, sectorial, rare sectorial, and Dark 
speckled-Light speckled-Sectorial are described and compared with the phenotypes 
of variegated-3 and .V. sanderae. 

Genetic data are presented which support the hypothesis that variegated-1 indi- 
viduals possess a recessive, unstable allele, v; thus differing by one gene from .V. 
sanderae, which contains a dominant, stable allele, V, at this locus. Trisomic ratios 
suggest that the position of the v7 locus is on chromosome 2 of the complement. 

Further genetic data show that speckled, sectorial, and rare sectorial individuals 
have different genotypes. Two unstable alleles, 2, and vs, at the v locus are adequate 
to explain the floral phenotypes and the modal breeding behaviors. These three 


variegated-1 genotypes are represented, respectively, as follows: 2,/2,, vs/vs., and 
?s/vs. The phenotypic variegation is attributed to somatic mutation. The aberrant 
genetic ratios have a pattern which is plausible in terms of interallelic mutation in 
germinal tissue. These genetic events in both somatic and germinal tissue appear 
to be successively reversible between the allelic forms 2, and 2s. 

Studies are designed to estimate the magnitude of several possible sources of the 
unusual variability in the observed segregations. It is concluded that there exists 
no detectable differential pollen-tube competition between the gamete types, and 
that the segregations are repeatedly obtainable from the same seed-lot under the 
cultural conditions employed. There is no evidence for differential seed pan com- 
petition among segregants. Two types of evidence are presented which demonstrate 
a correlation between a quantitative expression of the phenotype and its breeding 
behavior. Speckled, 2,/2,, plants of different speckling intensity may show a corre- 
lated difference in the frequency of vs bearing individuals occurring in their progeny. 
Also, two sister sectorial, vs/2,, plants have shown correlation between their pheno- 
typic frequency of sectors of recessive (presumed 2,/2,) somatic tissue and the re- 
spective frequency of recessive alleles, v,, in progeny from self-pollinations. 

Comparative genetic tesis of flowers from chimeral plants and clones support the 
hypotheses that (1) periclinal chimeras exist in the variegated-1 culture, and (2) 
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the sectors observed in the variegated-1 phenotypes reflect alterations in the geno- 
type which are genetically demonstrable if they occur early enough in development 
and in germinal tissue. 

Preliminary cytological studies of variegated plants have shown chromatin bridges 
in about one percent of the somatic cells observed at late anaphase. Also, in micro- 
sporocytes at first anaphase the frequency of cells containing chromosome fragments 
is about ten percent greater than in .V. sanderae. However, sanderae is not considered 
a valid control because of its lesser residual hybridity. 
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HE analysis of the genetic variance of a quantitative trait in both natural and 

artificially bred populations has been a subject of study by various groups of 
investigators and through various methods for many years. Considerable advance- 
ment has been made recently in both experimental studies and analytical inquiries. 
Of the latter category the contributions of KEMPTHORNE and his colleagues are the 
latest and the most outstanding. He deals with multiple alleles of diploids (1954) 
and then extends the analysis to autotetraploids (1955). Assuming random segrega- 
tion of the four homologous chromosomes with multiple alleles, he made a complete 
subdivision of the genetic variance into additive gene effect, digene effect, trigene 
effect, and quadrigene effect components. His results are expressed in a very con- 
densed form. In this report the author examines the simple but important case of 
two alleles in more detail and through an alternative method, viz., the method of 
successive linear regression (to be explained later). This, of course, is a special method 
for a special case, and by no means displaces KEMPTHORNE’S more general treatment 
for multiple alleles. But, for two alleles, the method to be presented is much shorter 
and gives us the four components of the genetic variance in real short order. 


Review of general method 


When there are only two alleles; KeEmPTHORNE’s method reduces to a procedure 
as outlined in table 1. The symbols AA AA, AAAa, etc., represent both genotypes 
and their corresponding genotypic values. Although we shall not rely upon this 
symbolism, it should be noted that this ingenious device is not merely for the sake 
of simplicity but is an essential feature of KEMPTHORNE’s formal algebra. The (0)- 
column gives the original genotypic frequencies in a random mating population. 
From these frequencies we can calculate the population mean, #, as indicated at the 
bottom of the column. In the (1) and (2) columns are terms of (p + q)*. From these 
frequencies, together with the corresponding genotypic values, we calculate two 
mean values, #; and #2. The meaning of the remaining columns should be clear. Thus, 


ty = pPAAAa + 2pgAAaa + gGAaaa. 


In the last five columns, each column mean is the same as the corresponding geno- 
typic value. Thus, #22 = AAaa. The next step is to define the various “effects”. 
The additive gene effects (or the single gene effect) are: 

a, = um — 4, Qo = My — U. 
The digene effects (or the dominance effects) are: 


By = My, — 2a, + 4U, Be = Up — W — MW + U, Boo = Uso — 2Uo + U. 
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TABLE 1 


General procedure for two alleles 


(1111) 
(1112) 
(1122) 


g 0 1 2 (11 12 22 = a 2 a ~ 
{AAA p p Pp? . p 1 
AAAa 4p%q 3 pq p 2pq Pp . q p . . 1 
{Aaa 6p’q? = 3 pq? 3 pg q 2pq Pp . q p . 1 
Aaaa 4 pq’ q 3pq? . gq? 2pq . . q p 1 
daaa q' . g° . . ¢ ° ° ° q 1 
mean u Th TB M1 M2 Me | Minn Une Mp2 Mee | Mn, etc. 


Similarly, the trigene effects are: 


Yin = My — 31 + 3m, — u 
Yue = Mn — My, — 2M. + 2m + tw — U 
122 = Uy — 2M — Us. + Uy + 2ute — U 
Yoo2 = Uv — 3ttog + 3ttg — 4 


There are five quadrigene effects of which we shall write out one as an example: 
61122 = My» — 2Uy. — 222 + My + 42 + tog — 2m, — 2M + UU. 


Other expressions may be obtained by expanding KEMPTHORNE’s general expression 
(1955). Finally, the four components of the genotypic variance are calculated as 


follows: 


monogene: a, = 4(pay + gas) 
digene: o> = 6(P Bit + 2pgBiz + q Bo) 
trigene: or = Ap yin + 3p Griz + 3pq'vizx + Q'¥222) 
quadrigene: or = Poin + Ap gore + 6f'G 61122 + 
Total o¢ = 04 t+ opn+ or + or 


It is seen that the procedure is quite laborious even for two alleles. 


Linear regression 


As before, let G be the genotypic values, so that Gy = AAAA, G; = AAAa, etc., 
and let X be the number of A genes in a genotype, so that XY = 4 for genotype 
AAAA, and X = 0 for the genotype aaaa. The bivariate population is as follows: 

Se 4, 3, fy me 0 
G: Gs, G3, Go, Gi, Go 
f: p, +p*q 6p"¢", 4 pq’, @”, 


where f denotes the frequencies of the pairs (XY, G) in a random mating population. 
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As X varies by unit steps, the linear regression coefficient of G on X gives the additive 
gene effect. The slope of the least square straight line is 
a = oxe/ox = oxe 4pq. 
Writing out the expression for oxg = >> {XG — XG and simplifying, we obtain 
a = PG; + 3p Gs + 3p¢Gi + 7G 
where G’ are the successive differences of the original G’s so that 


, 


G; = Gy — G; = AAAA — AAAa 


| 


/ . ‘ 
Gop = Gs — G; = Aaaa — aaaa, etc. 


From the general theory of linear regression, the linear component (due to regression) 
of the variance is 


a, = oya = 4 pgor 


This is the same a4 as obtained by the general procedure in the previous section on 
account of the relations ay — a. = a, and pa, + ga, = 0. 

Let G be the calculated genotypic value on the basis of the least square straight 
line. The deviation between the actual G and the predicted G, is known as the “‘re- 
sidual”’ deviation: R = G — G. And it is known that 

OG = 4 + aR. 
Adopting the usual method of calculating G, we find that the residual deviations 
take the form listed in table 2, where 


74 _/ = 
G2 = G; — G2 = AAAA — 2AAAa + AAaa, etc. 

Finally, we note that oz = > fR° must be equal to op + or + o¢. In other words, 
op is the total variance due to all types of dominance deviations. The partition of 

opr into the three components is given in the following section. 

Method of successive linear regression 

The essential feature of the proposed method of the repeated application of linear 
regression is given in table 3. Lr (1957) has demonstrated a general theorem that for 


TABLE 2 


Residual deviations R = G — G 


G; = Gi = Go = 
6.-G:= G2 —- Gi = Gi — Go = 
AAAA — 2AAAa+ AAaa AAAa — 2AAaa + Aaaa AAaa — 2Aaaa + aaaa 
Rs 1 — p* — 4p%q 8pq* + 2g! 3q" 
R — 3p*q —3p'g + 4pq? + gf — pg + 2q° 
R: pi — 2p*q —6p*¢ —2pe + ¢ 
Ri 2p'— pq pi + 4p'q — 3p%¢° —3pq 


Ro | 3p 2p + 8p'¢ i—4pf-— ¢ 
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TABLE 3 


Vethod of successive linear regressions 
0 1 2) 3 4 
G G G”" / G Gr’ 
G; p 
G p 
G 4p%q G P 
Ge 3 pq G; p 
” vee 
Gs 6p?¢" G, 2pq Go 1 
’ sesh we 
Gy; 3 pq? Go q 
G, 4pq' G q° 
Go q 
G q’ 
m7 a B ¥ 6 


binomial populations of (p + gq)", the regression coefficient is the weighted mean 
of the differences G; = G;,, — G,, etc. where the weights are terms of (p + q)" 

Now, referring to table 3, we see that the (0)-columns give the original population 
of the autotetraploids. The (1)-columns are formed by taking the successive differ- 
ences of the original G values and taking the terms of (p + q)* as the corresponding 
frequencies (f’). Then the linear regression coefficient of G on X isa = >> f’G’, as 
was shown in the preceding section. Continuing this process, we construct the (2)- 
columns by taking the successive differences G: = G; — G etc. and taking terms 
of (p + q)* as frequencies (f’’). Then the linear regression coefficient of G’ on X’ = 3, 
2,1,0,is8 = >> f’G”, as indicated at the bottom of that column. This is the digene 
effect. Similarly, y is the trigene effect and 6 is the quadrigene effect. We will write 
out the full expression for 6 as an example: 


6= Go = (Gs — 2G; + G2) — 2(G3 — 2G. + G;) + (Gs — 2G, + Go) 


Gs, — 4G, 6G, —_ 4G, a Go. 
Now we assert that the total genotypic variance is 


2 2 2 2.3 33 2 4 4.2 
0¢ = 4+ pga + op gs + 4p q¥ + pqs 
=o, t+ op + or + OF 
These four components are identical with those obtained by the longer but general 
procedure earlier. Table 4 provides an numerical example of the method. 

The equivalence of the first component, o4 , has been pointed out in the previous 
section. The equivalence of the second component, o> , may be established by noting 
that 

PBi + 2 pgBi2 + g’B22 = () 


Bu = 2B12 + Bos = 8 


and 


BiB 22 = Bis « 
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TABLE 4 
Numerical example with p = 4 andq = .6 
0 1) (2) (3) (4) 
G G’ f’ G" f”’ oc” = oo rs 
70 .0256 
6 .064 
64 .1536 —12 16 
18 . 288 1 4 
46 .3456 —13 48 40 1 
31 432 —39 6 
15 .3456 26 .36 
5 .216 
10 . 1296 
nw = 34.00 a = 20.04 8 = 1.20 vy = —23.0 5 = 40.0 
oy = 4pgo? = 385.537536 
op = 6/978? = 497664 
or = 4pig? = 29.251584 
oy = pig's? = 5.308416 
Genotypic variance o, = 420.595200 


The equivalence of the other components may be established by noting similar re- 
lations. 

With this method it is easy to see which component of the genotypic variance 
will be small or vanish. Consider the following genotypic values as an example: 


G G’ G" Gg” Cail 
70 
30 
40 10 
20 0 
20 10 0 
10 0 
10 10 
0 
10 


The G’ series is additive (in arithmetic progression) so that the G” series is a constant. 

For such a set of genotypic values, whatever the gene frequencies of the es Ber 

y and 6 are both zero so that the variance has only two components: ¢@ = o1 + op. 
Some special cases 

The most frequently encountered special case is one in which p = g =}. Then 


a= iG, + SG + GG, + G), ee. 
s 











» 


OG =a + 338° = a icy a 3 $55 


(2) If there is complete dominance, that is, if one A gene does the work of four, 
the genotypic values and their successive differences would be of the following form: 


G ¢ ec” Gi" gn 
G, 
0 
G, 0 
0 0 
G, 0 ey 
0 h 
G, —h 
h 
Go 
Q = gh B= —gh y = gh 6= —h 
o, = 4pq(q°h)” = 4pq°- qh 


op = 6p g(—qh) = 6pg gh 


a; = 4p°q°(gh) = 4p g:qh 
o> = p'g'( —h)° = p-gh 
Total: og = (1 — qq’ 


(3) Some simple patterns of overdominance are exemplified in table 5. If the gene 


frequencies do not differ much, the additive and the trigene components will be small. 


wm 


wn 


g = 3,a@ = Oand y = 0, and the genotypic variance has only two com- 


TABLE 5 


Some simple patterns of overdominance 


G” G” atid G G’ G” Gq” ee” G G’ G" ite Ge” 


2 2 
0 —5 
4 2 5 7 —5 
14 —5 15 0 —5 
—10 28 7 —10 30 7 0 —10 
—14 5 —15 0 5 
4 2 3 7 —5 
0 5 


2 2 
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ponents: ¢@ = op + or. In such a case, the parent-offspring and sib-sib correlations 
will be low. 

(4) The corresponding case for diploids may also be considered as a special case 
in the sense that the present method will yield the correct results: 


Ge f tad f’ Gc” f’ 





lo = G2—G, p 

Aa = G, 2pq Ig — hy 1 
hy = G, = Go q 

aa =G ¢ 


u a= pho + gh, B = he = hy 


oG = 2pq( ph, + gh) + pq (he — In) 
= ow. + oD 
These are the results given by Wricut (1952). The two components for diploids 
have been expressed in about half a dozen different forms by various authors. 


Random chromatid segregation 


It should be clear that random mating between individuals merely implies random 
union of the gametes and says nothing about the process of gamete formation which 
is quite a separate problem and depends upon the behavior of the chromosomes during 
meiosis. The process in autopolyploids is in general a very complicated one, and the 
outcome depends upon whether the first or the second division is reductional or 
equational, which, in turn, depends upon the distance from the locus to the centro- 
mere. We shall not go into the details here; instead, we shal] consider the next sim- 
plest case, viz., the case in which the eight chromatids of an autotetraploid are 
distributed completely at random to the gametes produced by the individual. Then 
the genotype 4AAa, for example, has a probability of 1/28 of producing an (aa)- 
gamete which receives the two sister-chromatids. For a detailed treatment of the 
subject the reader is referred to GEIRINGER (1949). 

With random chromatid segregation and random mating, a tetraploid population 
will soon reach the equilibrium state in which the gamete frequencies are (GEIRINGER, 
1949): 

(AA): += 3p + 4) 


(Aa): 2y = §2pq 
(aa): 2 = tq + 3¢ 


where x + 2y + z = 1. Furthermore, « + y = pand y+ 3 = gq. Random mating 
gives the genotypic array: 


{a(AA) + 2y(Aa) + s(aa)}?. 


If, as before, we let XY denote the number of A genes in a genotype, G denote the 
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genotypic values. and f the genotypic frequencies, the bivariate population is as 
follows: 


X: + 3 2 1 0 
G: G; G; G, G, Gy 
f: - 4xy 4y? + 2xz 4yz 2" 
It will be found that X = 4, remaining the same as in the case of random chro- 


mosome segregation, but ¢; becomes 20 percent larger: 
o x= 4x(y + 3) + 4c(x + y) = 4pg (1 + §). 


The additive gene effect (single gene effect) is given by the linear regression co- 
efficient of G on X. Writing out the expression ox¢/ox and simplifying, we obtain 


a = 2 {x(4p + 1)G5 + x(12q + 1)GS + 2(12p + 1)Gi + 2(4g + 1)Go} 


where, as before, G; = G; — G;, etc. It should be noted that @ is a true weighted 
mean of the successive differences G’ as their coefficients add up to unity. Noting 
that (4p + 1) + (4g + 1) = 6, and ignoring the factor 6, we see that the coefficients 
within the brackets are terms of 


(x + 2y +s) {(4p + 1) + (4g + 1)} 
x(4p + 1) + 2y(4p + 1) + 2(4p 4+ 1) 

+ax(4g+1) + 2y(4¢g +1) + 2(4¢4+ 1) 
= *(49 + 1) + x(12¢g +1) +2112 +1) + 2(44¢+ D 


The additive component of the genotypic variance is then 

a, = axa = 4(1 + 3) pga. 

The author has been unable to obtain simple expressions for the other three com- 
ponents: dam. Oe. Oe: Adopting the usual procedure of calculating G on the basis of 
the fitted straight line, we find that the residual deviations R = G — G may also 
be expressed in terms of G: = G; — G. = AAAA — 2AAAa + AAaa, etc. The 
explicit expressions are given in table 6. The partition of the genotypic variance must 
be considered incomplete, and the correlation between relatives in terms of the 
various components remains to be worked out. 


Gamelte effect 

The analysis presented in this paper, as well as in those of other authors, is built 
entirely upon the concept of “genic effect”. If we dispense with the notion of genic 
effect, other modes of analysis are at once open to us. For instance, the genotypic 
value may be entirely determined (apart from environmental effects) by the kinds 
of gametes that make up the genotype. In other words, the gametes act as units. 
In such a case, the genotype (AA) (aa) will have a different value from (Aa) (Aa), 
while in our previous analysis we assume that they are of the same value. If gametes 


act as units of action, we may formally treat the three kinds of gametes (4A), (Aa), 
(aa), as three alleles, Ay, A», Az, say; with frequencies pi, po, ps, respectively. Then 
we can apply the method for multiple alleles of diploids (KEMPTHORNE, 1954a) and 
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TABLE 6 
Residual deviations of autotetraploids with genotypic array (x + 2y + z)? 
Ge = Gi = Go = 
G3 — G2 = Gz —-G. = Gt. Se = 

AAAA — 2AAAa + AAaa AAAa 2AAaa + Aaaa AAaa — 2Aaaa + aaaa 
R, | 1 + 3{7x? — 2x (4p + 1)} —3{l4ac — 2s (4p + 3)} +3727} 
R; 4 {7x2 — $x (4p + 1)} —4{l4xz — = (4p + 3)} +4{722 — $s (4g + 1)} 
R» 417a27 — x (46+ 1)} —4{14x} +3{72 — <(4¢ + 1)} 
R 4 {7x2 — 4x (4p + 1)} —43{l4xz — x (4g + 3)} +3{72 — 3s (4g + 1)} 
R 4 {7x2} —4$1l4xc — 2x (4g + 3)} +4{722 — 2: (4g + 1)} 


obtain the additive gamete effect a; and the dominance effect 6;;. Hence the geno- 
typic variance has only two components. This method is applicable whether the 
gamete frequencies p;, po, p3 take the values p*, 2g, g? in the case of random chro- 
mosome segregation, or take the values x, 2y, z in the case of random chromatid 
segregation. The procedure of calculating the variance components is very simple. 
Whether this mode of analysis is valid or not depends solely on the actual genetic 
situation which is subject to experimental studies. 


DISCUSSION 


Although we have dealt with the case of two alleles, the treatment is not so limited 
in application as in mathematical generality. In many genetic studies of quantitative 
traits, the geneticist usually thinks that there is a “positive” allele that tends to 
increase the measurement of the trait, and a ‘‘negative” allele that tends to decrease 
it. In other words, he has tacitly adopted the two-allele assumption. If there are 
multiple alleles, it may be permissible to think of each allele as being positive or 
negative according to its effect and treat them arbitrarily as two major alleles. 

The genetic properties of autopolyploid populations are complicated and far less 
well known than diploids. The two models considered here—random chromosome 
and random chromatid segregation—are probably the two extreme situations. The 
application of the results presented here, therefore, should be with due caution. 

In the case of random chromosome segregation, the method of successive regres- 
sion is also applicable to hexaploids and higher polyploids with genotypic array 
(pA + ga)". Since the partition of the genotypic variance faciliated by the method 
of successive regression is identical with that obtained by KEMPTHORNE’s general 
procedure, the expressions for the correlations between relatives will remain un- 
changed. 


SUMMARY 


When there are only two alleles, the partition of the genotypic variance of an 
autotetraploid random mating population with random chromosome segregation 
can be easily executed by the method of repeated linear regression. The four variance 
components thus obtained are identical with those obtained by a more general pro- 
cedure. A numerical example has been given to illustrate the new method. Several 
special cases have also been discussed. 
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If the eight chromatids segregate at random during meiosis, the additive component 
of the genotypic variance has been isolated but the author has been unable to obtain 
simple expressions for the digene, trigene, and quadrigene components. 
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HE writer (RirEy 1955) has shown that 2 X 10-* and 2 X 10~-* M sodium 
hydrosulfite and 2 X 10~*, 2 X 10~*, and sometimes 2 X 10~* M 2 ,3-dimercap- 
topropanol (BAL) will reduce significantly the number of chromosome interchanges 
and deletions induced by gamma radiation in root tips from germinating onion 
bulbs if the roots are in the solutions from 30 minutes before until ten minutes after 
irradiation. A similar effect was found even when the roots were removed from the 
solutions during the short period of irradiation, probably because they were covered 
with and apparently saturated with the solutions during that time. When the fre- 
quency of chromatin bridges at anaphase was used as a measure of radiation damage 
to root-tip chromosomes from young onion seedlings, significant protection was 
conferred by 4 X 107% and 4 X 10~* M sodium hydrosulfite and by 4 X 10-* and 
4 X 10-* M BAL when given before, during, and after irradiation but not by lower 
concentrations of the same compounds. Sodium pyrosulfate in concentrations of 
4X 10°, 4 X 10, and 4 X 10-* M showed great protection, but 4 X 10-*, 4 X 10°%, 
and 4+ X 10-4 M sodium peroxidisulfate resulted in a reduction in bridges that was 
not statistically significant. A 2.8 X 10-! M concentration of glucose brought about 
no reduction in bridge frequency and 1.7 M ethanol showed some reduction although 
the reduction was not significant. 
In the present paper these and other chemical compounds are discussed as pro- 
tective agents against chromosome damage by X-rays. 


MATERIALS AND METHODS 


Root tips were studied from both bulbs and seedlings. The bulbs were allowed 
to germinate in beakers of tap water until the roots were 1-3 cm long. They were 
placed horizontally in large glass dishes and the tap water was replaced with distilled 
water or with one of the chemical compounds whose protective value was being 
studied. They were allowed to remain in the solutions 30 minutes before irradiation 
and were kept in them during the irradiation period and for ten minutes after the 
conclusion of irradiation. They were then replaced in beakers of tap water where 
they remained for three or four days. Thus they were examined in the metaphase 
immediately after irradiation. Roots intended for studies of interchanges and de- 
letions were pretreated with colchicine but those intended for a study of anaphase 
bridges were not. 

1 Work performed under contract No. AT-(40-1)-1347 for the Atomic Energy Commission. This 
project was aided by a grant from the Research Fund of the University of Kentucky. 

2 Work performed in Oak Ridge under U. S. Atomic Energy Commission Contract No. W-7405- 


eng-26. 
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Seeds were placed on moist filter paper in Petri dishes and allowed to germinate. 
When they were about 1 cm long, distilled water or one of the compounds was added 
to the dish. The seedlings were kept in the solution for 30 minutes before, during, 
and for ten minutes after irradiation. They were then washed and transferred to new 
filter paper in clean Petri dishes where they remained for four days. Slides were made 
in the same manner as for bulbs. In one experiment the roots were 6-8 cm long before 
they were irradiated. Bulbs were from a commerical source and were not identified 
as to variety. The seeds were from Australian brown onions purchased from the H. 
G. Hastings Co. in Atlanta, Georgia. White onion bulbs were used for the basis of 
the data given in tables 1 and 3 and bulbs of a red variety of onion for the other 
three tables. 

Irradiation was carried out in a Keleket X-ray machine developing 200 kvp, 
which was made available to the writer by the College of Engineering of the Uni- 
versity of Kentucky through the kindness of PRoressor JosepH R. HAMMOND. 
Irradiations were carried out by PROFESSOR DONALD CLIFTON or MR. Dick NATCHETI 
of that college. The X-ray machine was operated at 200 kvp and 15 ma; X-ray doses 
were determined by a Victoreen dosimeter. Except where noted, the radiation was 
filtered through 3 mm of aluminum. 

Molar solutions of the various chemical compounds were prepared just before 
their use and successively weaker concentrations were obtained by dilution. Scoring 
of slides was done under code numbers. Slides listed in the first section of table 1 
were scored by NorMAN S. Coun. All the others were studied by Miss Peccy D. 
StumBo, who was also responsible for preparing the solutions and germinating the 
bulbs and seeds in those experiments. 

As a control to determine whether the chemical compounds have any effect in 
themselves, duplicate material in which every condition was the same except that 
the roots were not irradiated was prepared for all the experiments. 

The slides that formed the basis for the data presented in tables 1 and 3 were 
prepared by the Feulgen squash technique as described previously (RILEY 1955). 
The material that provided the data for tables 2 and 5 was fixed in alcohol-acetic 
acid-chloroform (3:1:1), placed for two minutes in a mixture consisting of equal 
parts 95 percent alcohol and hydrochloric acid, replaced in the fixing solution, and 
smeared in acetocarmine. Material for table 4 was treated similarly but fixation 
was preceded by a one hour treatment in 0.1 percent colchicine. 


OBSERVATIONS 


Preliminary reports of some of the experiments have been given previously (RILEY 
1954a, b). 


Certain of the compounds were too strong in certain concentrations, for the roots 
became soft and mushy in them. They were 4 X 10~? M sodium hydrosulfite and 
4 X 10-* M sodium pyrosulfate. Sodium hydrosulfite in 2 X 10-* and 4 & 10-* M 
concentrations and a 4 X 10-* M concentration of sodium pyrosulfate sometimes 
were lethal. A 4 X 10-* M concentration of cysteine hydrochloride killed roots from 
bulbs in ten experiments but did not kill roots from seeds (table 3) and 4 X 10~% 
but not 2 X 10-* M stannous chloride was destructive. 
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TABLE 1 


The frequency of chromosome interchanges and deletions induced by X-radiation in onion root tips 


from bulbs when the roots were immersed in various solutions 


Total Percent 
celta Interchanges/cell protec Percent 
Treatment tion Deletions/cell protec- 
tion 
Dose = 114r at 38r/min, unfiltered 
Water (control) 319 0.044 + 0.012 0.266 + 0.029 
4X 10° M Na sulfhydrate 450 0.022 + 0.007 50 0.169 + 0.019 36 
4X 10°° M Na thiosulfate 389 0.018 + 0.007 59 0.139 + 0.019 48 
4 X 10°* M Na hydrosulfite 349 | 0.020 + 0.008 55 | 0.172 + 0.022 35 
4X 10°* M Na metabisulfite 222 0.032 + 0.012 27 0.171 + 0.028 36 
4 X 10°° M Na pyrosulfate 300 = 0.020 + 0.008 55 | 0.143 + 0.022 46 
4 X 10° M Na peroxydisulfate 30 0.067 + 0.047 0 0.333 + 0.105 0 
2.8 KX 10°* M glucose 363 0.041 + 0.011 7 0.267 + 0.027 0 
1.7 M ethanol 299 0.020 + 0.008 55 0.190 + 0.025 29 
Dose 300r at 100r/min, filtered 
Water (control) 34 0.147 + 0.059 0.265 + 0.085 
2X 10°* M Na bisulfite 158 0.139 + 0.029 a 0.151 + 0.031 43 
2 X 10°° M Na bisulfate 76 =| «0.145 + 0.046 1 0.342 + 0.067 0 
2 X 10°* M tryptophan 465 0.105 + 0.015 28 0.213 + 0.021 20 
Dose 270r at 45r/min, filtered 
Water (control 146 0.027 + 0.014 0.356 + 0.050 
4 X 10°* M Na peroxydisulfate 22 0.045 + 0.045 0 0.455 + 0.143 0 
4 X 10°* M cysteine 102 0.019 + 0.014 30 0.255 + 0.050 28 
4 X 10°73 M cystine 76 0.053 + 0.026 0 0.171 + 0.048 52 
4X 10° M uracil 59 0.034 + 0.024 0 0.373 + 0.080 0 


In one experiment roots in glucose, ethanol and a series of related salts were given 
114r at 38r per minute. The results are tabulated in the first section of table 1 and 
indicate that protection against both interchanges and deletions is conferred by 
4 X 10-* M concentrations of sodium sulfhydrate, sodium thiosulfate, sodium 
hydrosulfite, and sodium pyrosulfate but not by sodium peroxidisulfate. That particu- 
lar concentration of sodium metabisulfite seems to protect against deletions but 
not significantly against interchanges. A 1.7 M concentration of ethanol protects 
but 2.8 X 107! M glucose does not. No significant protection was conferred against 
interchanges or deletions by 2 X 10~-* M sodium bisulfite, sodium bisulfate, or tryp- 
tophan (table 1, section 2), or by 4 X 10-* M sodium peroxidisulfate or uracil. The 
number of cells studied for the sodium peroxidisulfate treatment is exceptionally 
small because most of the roots were killed. Both cysteine and cystine seemed to 
protect significantly against deletions but not against interchanges. 

When anaphase bridges were used as the measure of radiation damage, protection 
was given by both 4 X 10-4 M cysteine and 4 X 10~ M cystine. Sodium bisulfite 
and sodium bisulfate in 4 X 10~* M concentrations did not protect significantly 
(table 2). 








596 HERBERT P. RILEY 


In one experiment, roots from young germinated seeds were used instead of roots 
from bulbs. As is seen from table 3, so few interchanges and deletions were found 
that the data are not reliable as an indication of chemical protection. It is true that 
the dose given was unusually small, but even if that circumstance is taken into ac- 
count, the frequency of both types of aberrations is much less than that to be ex- 
pected on the basis of the study on bulbs as reported in table 1. 

Because of the low frequency of aberrations in the previous experiment we decided 
to compare the frequency of aberrations from bulbs with that from seedlings. Sprouted 
onion bulbs lying side by side in glass dishes with their roots pointing the same 
direction were placed under the window of an X-ray tube. Onion seedlings were 
placed in Petri dishes and the dishes were arranged next to those containing the 
bulbs and were elevated so that the root tips in the Petri dishes were at the same 
level vertically as the center of the mass of root tips from the bulbs. Both sets were 
kept in water before, during, .nd after irradiation. In one experiment in which the 
radiation was unfiltered (table 4, section 1) both interchanges and deletions were 
much lower in the seedlings than in the bulbs. As a check, we decided to repeat the 
experiment. The entire procedure was the same as before but filtered radiation was 
used. Both types of aberrations were lower in the seeds (table 4, section 2), but the 
difference was not significant for the interchanges. Because of this discrepancy, the 
experiment was repeated with 325r of filtered radiation. Both young seedlings with 
roots about 1 cm long and older seedlings in which the roots were 6-8 cm long were 


TABLE 2 
The frequency of chromatin bridges induced in onion root tips from bulbs immersed in various solutions 
and given 112r of X-rays at 45r per minule 


Percentage 


Treatment Total cells Bridges Bridges/cell retrte 
protection 

Water 481 6 0.012 + 0.005 

4 X 10% M cysteine 301 0 0.000 100 
4 X 10 M cystine 355 1 0.0028 + 0.0028 77 
4X 10°°M Na bisulfate 680 3 0.0088 + 0.0033 27 
4X 10° M Na bisulfite 93 3 0.032 + 0.017 0 

TABLE 3 


The frequency of chromosome interchanges and deletions induced by X-radiation in onion root lips 
from seedlings when the roots were immersed in various solutions. Radiation dose was 
95r at 38r per minute, filtered 


Treatment Total cells Interchanges/ cell Deletions/cell 
Water (control) 274 0.004 + 0.004 0.058 + 0.015 
4 X 10°? M Na thiosulfate 124 0.008 + 0.008 0.03 + 0.016 
2 X 10°% M stannous chloride 175 0.023 + 0.011 0.05 + 0.017 
4 X 10°° M cysteine hydrochloride 286 0.003 + 0.003 0.045 + 0.013 
4 X 10-3 M ferrous sulfate 246 0.004 + 0.004 0.049 + 0.014 
4X 10°? M Na nitrate 125 0.008 + 0.004 0.03 + 0.016 
4 X 10°°M Na nitrite 286 0.007 + 0.005 0.066 + 0.015 
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TABLE 4 
The frequency of chromosome interchanges and chromosome deletions induced by X-rays in root tips 
from bulbs and from seedlings 


Radiation dose Source of root tips oy Interchanges/cell Deletions/cell 
228r at 38r/min, unfiltered Bulbs 362 0.050 + 0.011 0.177 + 0.022 
Young seedlings 425 0.007 + 0.004 0.066 + 0.012 
426r at 71r/min, unfiltered Bulbs 212 0.094 + 0.021 0.198 + 0.030 
Young seedlings 148 0.074 + 0.022 | 0.135 + 0.030 
325r at 100r/min, filtered Bulbs 279 0.122 + 0.021 | 0.315 + 0.034 
Young seedlings 225 0.053 + 0.015 | 0.071 + 0.018 
Old seedlings 69 0.101 + 0.038 0.145 + 0.046 


TABLE 5 


The frequency of chromatin bridges induced by X-rays in root tips from bulbs and from seedlings 


Radiation dose Source of root tips Total cells Bridges Bridges/cell 
112r at 45r/min, filtered Bulbs 481 6 0.012 + 0.005 
Young seedlings 332 1 0.003 + 0.003 
270r at 45r/min, filtered Bulbs 100 24 0.240 + 0.049 
Young seedlings 77 9 0.117 + 0.039 


studied. The reduction in interchanges and aberrations in the young seedlings was 
great when compared to the bulbs. However, the old seedlings did not seem to be 
protected significantly against interchanges although the reduction was significant 
for deletions. Comparison of young and older seedlings showed that the reduction in 
deletions in young seedlings was significantly greater; there was a reduction in inter- 
changes, also, but it was not significant (table 4, section 3). 

As a comparison of the reaction of bulbs and seeds further, chromatin bridges at 
anaphase were scored in two experiments. In each, the frequency of bridges was 
significantly lower in the seeds (table 5). 

The proportions of prophases, metaphases, anaphases, and telophases found in 
the various solutions showed no consistent pattern and no variation that could be 
interpreted significantly. If the radiation or the chemicals or both together have 
any disturbing effect on mitosis, accelerating or impeding it so that comparable stages 
are not being studied for the different treatments, such a disturbance is not evident 
from the extensive data that were collected. However, any induced mitotic delay 
probably would not be observed iour days later. 


DISCUSSION 
Where the same chemicals were used, the results were comparable to those of the 
previous study (Rirey 1955). Protection was afforded by sodium hydrosulfite but 
not by sodium pyrosulfate. Ethanol gave protection against X-radiation but against 
gamma radiation the protection was not significant statistically. Sodium peroxydi- 
sulfate did not protect against X-rays and seemed to give significant protection 
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against gamma rays only at a concentration of + X 10-? M when both bridges and 
fragments were considered. The results for sodium bisulfite and sodium bisulfate 
were the same for interchanges and deletions (table 1) and for anaphase bridges 
(table 2). Both cysteine and cystine gave protection when the results were measured 
by chromosome deletions and anaphase bridges but not by chromosome interchanges. 
It is quite possible that chromosome bridges are not a good measure of radiation 
damage. 

In several respects the results of this study differ from those of BURNETT, MORSE, 
BurkE, and HOLLAENDER (1952). They found that there was a strong positive cor- 
relation between the protection afforded by certain inorganic sulfur compounds to 
Escherichia coli, strain B/r, and the ability of those compounds to remove oxygen 
from buffer solutions. They obtained protection from sodium sulfhydrate, sodium 
bisulfite, sodium hydrosulfite, and sodium metabisulfite but not from sodium bi- 
sulfate, sodium thiosulfate, sodium dithionate, sodium pyrosulfate, and sodium 
peroxidisulfate. The writer’s results agree for certain of the compounds only. He 
found agreement with sodium sulfhydrate, sodium hydrosulfite, sodium metabi- 
sulfate (at least for deletions), which protected and sodium bisulfate and sodium 
peroxidisulfate which did not. However, he found protection by sodium thiosulfate 
and sodium pyrosulfate whereas BURNETT e/ al. did not, and he found that sodium 
bisulfite did not protect in contrast to the results of BURNETT and his colleagues. 
It is difficult to explain this difference in results. It would seem that other factors 
may be operative in some cases besides simply the amount of oxygen present at the 
time of irradiation. 

Certain of the writer’s results do not agree with the observations of others. PULEs- 
ron, Futts and PAYNE (1952) showed that uracil will protect pea seedlings against 
ultraviolet light. The writer found no protection against X-rays for either inter- 
changes or deletions (table 1). Glucose, also, seems to protect in many instances 
(LoIsELEUR and VELLEY 1950; HOLLAENDER 1956a, b; HOLLAENDER and STAPLETON 
1956) but the writer (RiLey 1955) found no protection by glucose against the pro- 
duction of anaphase bridges caused by gamma radiation in root tips from onion seeds. 
The results of the present study show no protection against the production by 
X-rays of chromosomal interchanges and deletions in root tips from onion bulbs. 
However, the other authors measured different things (i.e., bacterial survival) 
and even so, glucose was only a mild protector. The protective value of ethanol 
has been shown by BURNETT, STAPLETON, Morse, and HOLLAENDER (1951). The 
writer (Ritey 1955) found a degree of protection against anaphase bridges although 
the results were not statistically significant. Against the formation of interchanges 
and deletions, ethanol seems to be a protective agent (table 1). 

It has been shown that cysteine will protect mice (PATr and SrrauBE 1953; 
SALERNO and FRIEDELL 1953, 1954), rats (PATT, TYREE, STRAUBE and SmirH 1949; 
Ransom 1953), and bacteria (BURNETT, STAPLETON, MORSE and HOLLAENDER 1951). 
When fed to Drosophila melanogaster larvae before or after X-irradiation, it reduced 
greatly the radiation effect that blocks the action of the suppressor-erupt and sup- 
pressor-tumor systems (PLAINE 1955). ForsSBERG and Nysom (1953) have shown 
that cysteine has a protective effect on onion roots. They recorded growth rates 
after irradiation with 375r of X-rays and found that the protective effect of cysteine 
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varied from 1.1 to 3.2 times accordingly as the root tips were immersed from one 
to 30 minutes before irradiation. They found, too, that chromosomal fragments 
and anaphase bridges were less numerous after irradiation in cysteine than in water. 
The writer (table 2) also found that bridges at anaphase were less numerous after 
cysteine and that there were significantly fewer deletions; there were fewer aber- 
rations but the figures were not statistically significant. The writer found that cystine 
also showed significant protection against anaphase bridges and chromosomal de- 
letions but not against interchanges. 

In the study of chromosomal interchanges and deletions, several treatments in 
this and the previous paper (RimLEY 1955) showed significant protection for one of 
these measures of radiation damage but not for both. This is true of 2 KX 10-° M 
sodium hydrosulfite and 4 X 10-* M sodium peroxidisulfate recorded previously 
and for sodium metabisulfate, cysteine, and cystine discussed herein. It is interesting 
to note that for each of the five chemical compounds protection was given to de- 
letions but not significantly to interchanges. This situation is difficult to account 
for but is possibly significant. 

The experiments recorded in tables 4 and 5 show that roots of very young seedlings 
have significantly fewer aberrations than do roots from bulbs and from older seed- 
lings. This observation would make it important, for comparable results in radi- 
ation studies, that roots from seeds always be of the same length. What this pro- 
tection consists of is unknown at present. 


SUMMARY 


Onion root tips were treated with X-rays while immersed in water or in various 
chemical compounds. The effect of the radiation was determined from the frequency 
of chromosome interchanges or deletions or of anaphase bridges. 

Protection against the formation of interchanges and deletions was conferred 
by 4 X 10-* M sodium sulfhydrate, sodium thiosulfate, sodium hydrosulfate, and 
sodium pyrosulfate, and 1.7 M ethanol but not by 2.8 X 107! glucose or 4 & 107% 
M sodium peroxydisulfate and uracil or by 2 X 10-* M sodium bisulfite, sodium 
bisulfate, and tryptophan. Protection against deletions but not significantly against 
interchanges was conferred by 4 X 10-* M sodium metabisulfite, cysteine, and 
cystine. 

Protection against anaphase bridges was given by 4 X 10-4 M cysteine and cystine 
but not by sodium bisulfite or sodium bisulfate. 

When primary roots less than 1 cm long from freshly germinated seeds were 
irradiated in water, they showed fewer chromosomal interchanges and deletions 
and fewer anaphase bridges than did root tips from bulbs. Roots from older seed- 
lings about 8 cm long had fewer interchanges and deletions than roots from bulbs 
but more than young roots from seeds. There seems to be some inherent protection 
against radiation in freshly germinated seeds that disappears as the roots get older. 
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OMINANCE deviation in continuously varying characters is a matter which 
is of great concern to both animal and plant breeders, for dominance of the 
favored gene is an aid to selection when the gene frequency is low, but a hindrance 
when the gene frequency is high (LusH 1947). At present, theory of the consequences 
in quantitative traits is further advanced than is experimental observation. For 
practical implications to breeding programs, as well as for a check of the validity 
of the theory, the need of experimental study of dominance in quantitative characters 
is indicated. 
The present report is a continuation of the previous studies (CHAr 1956a, b) and 
is concerned mainly with the effect of dominance on the variability of body size in 
mice. 


MATERIAL AND METHODS 


The data included in this study are the 60-day body weights of mice from the 
same parental lines as previously reported, Large and Small, and their second back- 
crosses. The second backcross to the Large was produced by By, Q XK LG, and L? 
xX Bic and has been designated by By,; similarly the second backcross to the 
Small was produced by Bis2 X So’, andS@Q X Bisco" and has been designated 
by Bog. A brief breeding history of the parental mice has been given (CHaAr 1956a). 
The general management of the colonies has remained the same. Litter sizes larger 
than eight were reduced to eight. All young were weaned at four weeks of age. The 
total number of mice used and data on some of their reproduction are given in 
table 1. 

RESULTS AND ANALYSIS 

The analysis of these data proceeded similarly to that in the previous paper except 
for correcting both male and female body weights to “neutral” weights. The neutral 
weight was obtained by multiplying the female weight by } (1 + 1/r) and male 
weight by 3 (1 + r) (FALCONER and KiNG 1953), where r is the ratio of mean female 
weight to mean male weight. Although this conversion allows for possibility of 
magnifying the variation due to inappropriate correction, it has the advantage of 
giving weighted average in the estimates of both means and variances between 
genotypic groups according to the number of individuals in each sex. It also allows 
the maximum numbers of degrees of freedom in the within-litter variation. The 
latter is especially desired, for the within-litter variances are used for computing 
the various genetic and environmental variances. 

* This investigation was supported by grants C-1074 (C4) and C-3108 from the National 
Cancer Institute of the National Institute of Health, Public Health Service 
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No correction was made for litter-size effect on body weight, because no apparent 
regression of body weight on litter size was found in the present data (table 2, fig. 1). 
The genotypic as well as other environmental deviations in the individuals of the 
backcrosses might obscure such a trend, but the distribution of average body weight 
with respect to litter size in either parental line should serve as a good test of this 
relationship, although the sample sizes are not large. The result may be due to the 
fact that there are many other factors, such as mothers’ age and their concomitant 
general physiological conditions. The effects of these factors may counteract the 
effects of litter size in the sense that poor mothers produce and raise small litters. 
Whatever the underlying causes may be, the correction for litter-size effect appears 
to be unnecessary in the present analysis. 

Calculations for means and variances were carried out by using the neutral weights. 
These values were converted to the logarithmic scale according to the methods of 
Wricut (1952). This scale, which was found better than the actual scale in fitting 
the previous data, has been used in the present analysis. 

The mean in each group was corrected for hybrid vs. inbred mother and Large 
vs. Small mother, using the same factors previously derived (CHaAr 1956b). These 
factors may not be wholly adequate for the present data, since the mice included in 
the present study were raised at different times. There is a possibility of seasonal 
fluctuation and slight genetic drift or mutation effecting the body size. As an ap- 
proximation, however, their uses may not cause serious error. The total variance 
in each group was partitioned into between-litter and within-litter components. 
Only the within-litter variances were used for computing the various genetic and 
environmental variances. Reasons for this were given in the preceding paper (CHAI 
1956b). All the estimates of means and variances are given in table 3. 


TABLE 1 


Total number of mice, matings, litters and average litler size in each genotypic group 


Ave. lit. size at 


Genotype No. of matings No. of litters Siemihad Total number of mice 
PL 12 22 6.0 111 
Ps 17 27 4.7 103 
Bor 18 33 6.1 203 
Bos 14 28 4.4 158 
TABLE 2 


Average body weight (60-day) of mice in each size of litter at weaning 


Litter sizes 
Genotype 


1 2 3 4 5 6 7 8 9 
Py - 37.0 (2) |37.0 (4) |40.6 (3) |36.9 (3) 135.6 (2) |37.7 (8) 
Ps 15.8 (3) |15.2 (4) |15.3 (4) |14.6 (8) |15.5 (4) |13.3 (3) |15.4 (1) 
Bot 37.6 (3) |35.9 (4) |34.5 (4) |35.8 (8) 34.8 (6) |36.5 (6) 32.0 (2) 


_ 
oo 


.9 (5) |18.7 (6) 


Bos 20.2 (2) |19.0 (6) 16.6 (1) |19.2 (5) |18.7 (3) 
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LITTER SIZE 
FicurE 1.—Average mouse body weight of the Large and Small strains in each litter size at 60 
days of age. The number of litters included in each size is given below the dot. 


TABLE 3 
Means and variances of 60-day body weight of mice in each genotypic group on both logarithmic 
and actual scales 


= eax X X x 2 2 rx log 3 7x 2 

Genotype obs. | com. | theo. | % | 4 | OS™ | Set | GE | toee,s 
PL B.2 | 5.8 6.55 | 6.47 | 1.59157 | 1.56500 | .00079 
Ps 4:7 | 247 2.93 | 1.09 | 1.16305 | 1.16305 .00095 
Bo. 35.3 | 33.9 | 34.6 | 9.02 | 8.97 | 1.54429 | 1.51814 | 1.52231 | .00136 
Bos 18.8 | 18.6 | 17.3 | 1.02 | 2.97 | 1.26874 | 1 


.27153 | 1.22085 | .00157 


The variance of the second backcrosses contains the following different proportions 
of genetic and environmental components (WRIGHT 1952): 


Bos = }o%, + fon + oz, +3 >, GD (1) 
Ba, = 104 + don + ob, — 3} ) GD (2) 
Bos + Bo, = dog + op + 2on, (3) 


where G represents additive effect, D dominance effect and E; environmental effect 
during the present experiment as opposed to the previous one, each being a measure- 
ment in a constant direction along the scale. The estimate of a7; and gp refers to 
the additive and dominance components of the F, variance. The environmental 
variance may be estimated by the average of the variances in the parental strains. 
It was found to be .00087 in the present data. Thus, according to equation (3), by 
subtracting twice the environmental variance, we obtain: Loe + op = .00119. It 
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is necessary then to use the I, variance found in the preceding paper for separating 
these two genetic components, even though it might not be the most satisfactory. 
F: 064 + op + on = .00191 (Genetics 41: 170 table 3) 

ox = .00041 (Genetics 41: 173 table 3) 


ee + op = .00150 

lot + oD = .00119 (from Bos & By, as above) 
ae = .00031 

OG = .00062 (as reported here) 

oD = .00088 (as reported here) 


In this study the computed additive variance was .00062 and the dominance variance 
was .0O088 whereas the values found in the former paper were .00073 and .00077. 
There has been a slight increase in the dominance and decrease in the additive com- 
ponents. 

For convenience of comparison of the present and previous results, the genetic 
and environmental variance in both are given as follows: 


1956 1957 
P,, est. of of 00049 00079 
Ps est. of of 00044 00095 
Py Av. 00047 00087 
F; est. of of: 00036 
Final est. of ob 00041 00087 
Fs — on 00150 
Bu, — ob 00084 
Bis — Or 00143 . 
Bo, — or 00049 
Bas — OE 00070 


DISCUSSION 

The differences between variances of each backcross generation supplies evidence 
of the distribution of dominant genes in the parental lines. This difference is a func- 
tion of )» GD. When there is no dominance deviation, this term theoretically equals 
zero. In the present data the difference between variances of the second backcrosses 
is .00021, while the difference between variances of the first backcrosses in the previ- 
ous data was .00059. These values are apparently different from zero. Their order of 
magnitude is as might be expected based upon the theoretically greater amount 
of heterozygosity in the first than in the second backcross. 

If we care to assume that the genes have equal dominance effects and also equal 


additive effects, the signs being neglected, the degree of dominance can be estimated 
:)'? = D/G (Marner 1949), This value was found to be 1.69 for the 
present data based on the second backcrosses and 1.45 for the previous data based on 


, 


by (2op O~ 








BODY SIZE IN MICE 605 


the first backcrosses. If dominance were complete for all loci, 304 = op and Mather’s 
index would come out 1.00. Taking 1.6 as approximately the average in these data, 
this implies over dominance. The fact that F; mean is slightly above intermediate 
could be considered as indicating a preponderance of dominance of the plus factors 
over the minus factors. However it seems unlikely that there is so much over domi- 
nance as indicated here. In examining the relative magnitudes of the variances in 
the different genotypic groups, those in the Bx,’s appear to be surprisingly high. 
This may very likely be one of the sources contributing to the high degree of domi- 
nance. During the course of this study, it has been found that the Bg litters were 
often poor and had more losses of young before weaning than the others. This to- 
gether with the high variances of the Bs suggests some unfavorable influences such 
that there was little effect on the smallest segregants, an increasing effect up to 
about the middle of the scale and a uniform effect above. Separating or making 
allowance for these effects, if they exist, on the scale would indeed be difficult. Yet a 
slight distortion of the scale of this sort could give rise to a grossly inaccurate appor- 
tionment in the variance of dominance and additive components. 

In spite of our unwillingness to accept the high value of dominance, it seems un- 
reasonable to assume that D 0. One evidence against assuming no dominance 
is the higher, though only slightly, F; value than that of the mid-parent. Other 
evidence comes from recent but incompleted data on the third backcrosses and 
from the interbreeding of Bs; with selection for both large and small body sizes 
(table 4). According to this table, although the same magnitude of the means of the 


TABLE 4 


Vean actual body weights in the generations of third backcrosses and interbreeding of second backcross 
to the Large parent with selection for large and small body sizes* 


Be)? B31 Bss 
Genotypic group aaa (I [S {I ) {I 

No. +04 No. No a No x No . No. : 

mice ~ mice 6 mice = mice mice = mice 
Female 16 30.2 | 33 an. | Ze 30.6 54 | 32.6 | 33 14.7 SF 1 19.8 
Male 16 37.9 | 52 40.5 | 39 39.9 63 | 40.3 | 24 16.9 59 | 18.1 
\verage 32 34.1 85 36.5 | 62 35.3 | 117 | 3.5 | 5Z 15.8 | 112 | 17.0 
Group mean 35.3 35.9 16.4 
L-S 2.4 Ee 1.2 

L-S 

group mean .068 .033 .073 


* Breeding in these generations is still continuing. Computations for the means and variances 
on the logarithmic scale has not yet been made. 
** |S|—selected for small body size. 
{L|—selected for large body size. 


*** <—mean body weight. 
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(Bo)? [L]* and the Bs, [L] is hard to explain, the fact that the mean value of the 
Bs, [S]* is higher than that of the (Bo,)* [S] indicates perhaps more dominance 





effect in the plus direction. Furthermore, in comparing the differences in terms of 
their mean values, the difference between B3g [S] and Bsg [L] (=.073) is more than 
twice as great as that between Bs, [S] and Bs, [L] (=.033). This may be explained 
on the same basis. 

Additional sources of evidence supporting the present interpretation come from 
other studies. In two separate selection experiments for large and small body sizes 
in mice, MACARTHUR (1944) and FALCONER (1953) both have shown that progress 
in these directions was asymetrical on the logarithmic scale. That is, the increase 
of body size in the large line was not as rapid as the decrease of body size in the 
small line at the later generations. WriGHT (1931) has suggested that in the presence 
of dominance, the progress of selection for genes exhibiting dominance is slower 
than that for genes behaving as recessives, when both their frequencies reached 
higher levels. The asymetrical response in these selection experiments could be ex- 
plained by the presence of dominant factors which were accumulated more in the 
large than in the small lines. It is a possibility which seems to fall in line with the 
interpretation of the present results. In fact, the parental strains used in the current 
experiments have originated by selection and the Small strain was derived from the 
MAcARTHUR’S Small stock. 

The estimated genetic components of the second backcrosses are about half of 
those of the first backcrosses, as is expected of intralitter variance. 

No specific explanation for the high environmental variance in the present analysis 
as compared with the previous one can be given. The correction of sex differences 
in the present instance by using the neutral weight instead of averaging variances 
of the males and the females might have given a slightly higher value but this could 
not be the full explanation. It is generally believed that poor environment gives 
higher variation. Then a possible explanation would be the effects of seasonal fluc- 
tuation such that the mice used in the present study, were reared in a less favorable 
environment than were those previously reported. Nevertheless the estimated 
genetic components of variances of this study are not likely to be biased on this 
account because these mice were produced contemporaneously. 

In conclusion, up to this stage of the experiment, there is possibly a preponderance 
of dominance of the plus factors over the minus factors, but it is unlikely that there 
is overdominance. This series of experiments is being continued by repeated back- 
crossing, combined with selection for body size in these two directions. It is hoped 
that a clearer understanding of genetic effects on body size of mice can eventually 
be attained. 

SUMMARY 


Data are presented on the 60-day body weights of mice of the Large and Small 
strains and their second backcross generations. The relative order of magnitudes of 
both the means and genetic variances in these backcross generations is as expected 
with respect to the other crossbred generations published in a previous paper. It 


* {L|—refers to selection for large body size. [S|—refers to selection for small body size. 
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is tentatively concluded that there are either a preponderant number of dominant 
factors or factors with preponderant dominance effects in the Large over the Small 
mice. The degree of dominance which was computed according to the method of 
MATHER is possibly overestimated. Reasons for these conclusions are discussed. 
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REVIOUS studies (DE SERRES 1956a) with a series of purple-adenine mutants in 

Veurospora crassa have demonstrated that these mutants can be divided into two 
groups on the basis of physiological (heterokaryon) and genetic (crossing) analyses. 
These studies indicated that the two groups arose from independent mutations at 
two closely linked loci in the ad-3 region. The genetical analyses were based on ran- 
dom ascospore platings from intergroup crosses of adenine mutants carrying closely 
linked markers on both sides of the ad-3 region. In most instances, adenine-independ- 
ent segregants were associated with a regular recombination of markers, suggesting 
that orthodox crossing over was taking place. However, in a few instances, excep- 
tional adenine-independent segregants (with parental combinations of markers) were 
obtained. Because of these results, and in view of recent evidence for unorthodox 
segregation in tetrads of certain crosses in Neurospora (MITCHELL 1955a) and 
Saccharomyces (LINDEGREN 1955), it seemed desirable to perform a tetrad analysis on 
an intergroup cross of purple adenine mutants to determine whether the expected 
double mutant could be obtained, and whether tetrad segregations would prove to be 
regular in other respects. 


MATERIALS AND METHODS 


The following mutants carrying the markers indicated were crossed to provide 
asci for serial ascospore isolations and subsequent tetrad analysis: a /ist-2 (C94) 
ad-3A (mutant A2) ad-3B* nic-2 (43002) al-2+ (stock no. 74-YU192-la) crossed with 
A hist-2+ ad-3A* ad-3B (35203) nic-2* al-2 (15300) (stock no. 35203-15300A). All 
the markers used are in linkage group I (Barratt e/ al. 1954), and the order is as 
indicated. Previous evidence obtained by DE SERRES (1956a and unpublished) indi- 
cated that the ad-3 region was located two to three crossover units to the right of the 
hist-2 locus and two to three units to the left of the mic-2 locus. 

Crosses were made on the media described by DE Serres (1956a). Serial ascospore 
isolations were made into individual tubes containing Fries minimal medium supple- 
mented with adenine, histidine and niacin. The genotypes of individual isolates from 
all asci were determined subsequently on appropriately supplemented media. Ran- 
dom ascospore analyses were made utilizing the overplating methods of NEWMEYER 
(1954). 


' These experiments were performed at Yale University and were supported in part by a contract, 
\T(30-1)-872, with the Atomic Energy Commission. Drafting of the manuscript was carried out, 


in part, at Oak Ridge National Laboratory, which is operated b:’ the Union Carbide Nuclear Com 
pany for the U. S. Atomic Energy Commission. 


2 Present address: Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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EXPERIMENTAL RESULTS 


In all, 646 asci were obtained in which at least one member of each spore pair 
germinated. In this total were six asci containing one adenine-independent segregant, 
presumably derived from crossing over between the two adenine mutants, and three 
adenine-dependent segregants. All the asci were classified with respect to the segrega- 
tion of markers and these results are summarized in table 1. Since the original two 
parental mutants were not in heterokaryon-positive (compatible) stocks and would 
not form heterokaryons with one another, classification for crossing over in the 
hist-2—ad-3A and ad-3B—nic-2 intervals was not feasible. The percentage crossing 
over between ad-3A and ad-3B is similar to that calculated previously from random 
spore platings of this cross, but that between /is/-2 and nic-2 is greater than the 
previous value reported by DE SERRES (1956a). 

In addition to the results given in table 1, data were also obtained for second 
division segregation frequencies for the /isf-2 and nic-2 markers. The percentage 
crossing over between the centromere and these two genes was determined as 0.154 
and 8.66, respectively. Segregation of the other available markers in the single ascus 
analyzed having a second division segregation for /isf-2, places this mutant in the 
right arm of linkage group I. 

Since the main purpose of this investigation was to determine whether regular 
tetrad segregation occurred in instances of apparent crossing over between the two 
types of purple adenine mutants, the next problem was to examine in detail the six 
asci in which such regular crossing over had been assumed to occur. 

The phenotypes of these asci are given in column two of table 3. In each of the six 
asci, recombination had occurred between the /is/ and nic markers such that the 
adenine-independent segregant was a crossover type (his/*+ nic), one of the three 
adenine segregants represented the reciprocal crossover type (Aist nict), and the 
other two adenine segregants had the parental combinations of markers. These 
results were consistent with the interpretation that in each ascus a single crossover 
had occurred at the four strand stage between the two adenine mutants and that the 
adenine crossover type was the expected double mutant. In order to prove this, how- 
ever, it was necessary to identify the double mutant, distinguishing between it and 
single mutants of similar phenotype. 

The initial test to distinguish the double mutant was a genetic one involving back- 


TABLE 1 
Summary of tetrad analyses of 646 complele asci from a cross of an ad-3A with an ad-3B mutant. 
Mutants crossed: a hist-2 ad-3A nic-2 al-2* X A hist-2* ad-3B nic-2* al-2 (See text for further 
details) 


No. of asci with recombination in interval 
Ascus classification 


hist-2—nic-2 hist-2—al-2 nic-2—al-2 ad-3A—ad-3B 
Parental ditype 538 115 125 640 
Nonparental ditype 0 45 34 0 
Tetratype 108 486 487 6 
Percent crossing over 8.35 44.58 42.95 0.46 
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TABLE 2 
Results of back crosses of adenine segregants in six asci having one adenine-independent segregant 


(see table 1) 


Crossed with ad-3A Crossed with ad-3B 


Asco 

No. Percent : No Percent 

eae No. Percent viable 1a “= ao Percent viable a on ma 
are viability spores ps indep — viability spores pea indep 
plated tested colonies colonies plated tested colonies colonies 

61.4 23 ,000 40.6 9 350 62 0.66 31,500 10.8 3425 1* 0.03 
61.5 64,660 2.8 1,835 0 0.00 27,750 13.9 4200 60 1.42 
61.7 22,600 0.3 72 0 0.00 46,580 ee 816 0 0.00 
101.1 38,400 2.9 1,128 0 0.00 | 90,520) 25.1 | 22,724 0 0.00 
101.4 111,750 15.8 17,750 0 0.00 45 ,000 64.4 29,000 148 0.51 
101.5 58,320 50.8 | 29,650 139 0.47 32,760 4.0 1470 1* | 0.07 
Zan 43,250 7.4 3,375 0 0.00 | 113,500 17.3 19,700 0 0.00 
2.4 84,750 5.6 4,725 0 0.00 67 , 500 50.0 | 33,750 242 0.72 
2.7 20 ,O00 66.7 13,325 63 0.47 70,320 9.0 6,888 0 0.00 
321.1 119,790 ce | 4,430 0 0.00 50, 250 9.1 4,600 0 0.00 
321.4 25,650 1:3 325 0 0.00 47,600 24.7 | 11,785 71 0.62 
321.5 52,675 32.4 | 20,251 144 0.71 36,800 5.9 2,169 0 0.00 
322.1 17 , 860 aul 574 0 0.00 54,280 38.6 21,000 188 0.89 
322.4 99 , 220 3.4 3,300 5° 0.15 24,500 13.0 3,100 0 0.00 
322.6 27 ,600 23.1 6,371 22 0.34 | 101,840 4.3 4,392 0 0.00 
523.1 14,400 Z-2 360 0 0.00 52,450 11.6 6,125 0 0.00 
523.3 21,315 0.4 98 0 0.00 15,875 66 0.41 
523.5 55,000 29.4 16,200 69 0.42 15,3060 15.0 2,400 0 0.00 


* For further discussion of these isolates, see text. 


crosses of all three adenine segregants in a single ascus to both an ad-3A mutant (A2) 
and an ad-3B mutant (35203). Random spore platings were made to determine 
whether any adenine-independent segregants occurred. In the first ascus tested, no. 
61, the results were contrary to expectation, since the presumptive double mutant, 
culture no. 61.5, yielded a substantial number of adenine-independent colonies when 
crossed with ad-3B, but none with ad-3A (table 2). Thus this isolate appeared to be 
an ad-3A mutant. Culture no. 61.4 behaved as an ad-3B mutant, yielding a large 
number of adenine-independent isolates when crossed to ad-3A and none with ad-3B. 
(The single colony obtained here probably represented a contaminant). Culture 61.7, 
however, appeared to be a double, since no adenine-independent isolates were ob- 
tained from a cross with either ad-3. or ad-3B (although the number of viable spores 
tested was rather small in both crosses). Although the results with ascus 61 were 
anomalous with respect to markers, those obtained with the other five asci were as 
expected, since in all instances (with one exception noted below) the presumptive 
double mutants gave no adenine-independent isolates when crossed with either 


ad-3A or ad-3B, whereas th: presumptive singles behaved as expecied on the basis of 
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their phenotypes as either ad-3A or ad-3B (table 2). In one instance, culture 322.4, a 
few unexpected adenine-independent isolates were obtained. The origin of these 
isolates can not be proven; they could have arisen as a result of a reverse-mutation 
or wild type contaminant in the population of ad-3A conidia used in this cross. 

In view of the unexpected results with ascus 61, and in order also to confirm the 
conclusions with the other five asci, it seemed particularly desirable to utilize other 


TABLE 3 
Summary of results of tests used to characterize adenineless cultures in asci having one adenine 


independent segregant 


Heterokaryon 

response X-ray 
Culture Phenotype induced 
reversions* 


Backcross results 
ad-3 genotype 
indicated 


To ad-3A\To ad-3B) ad-s | “4 | 94 
Parent 1 a hist ad-3A nic + \no ad ad* + 0; + | + (361) 
Parent 2 A + ad-3B + al ad* no ad* aoe - 0 + (162) 
Ascus 61.1 {+ + nical aa 
Ascus 61.4 a+ ad ++ ad* no ad*¥| + | + 0; + (145) oa ad-3B 
Ascus 61.5 a histad + al \no ad ad* | + O| + | + (101) | ad-3A + 
Ascus 61.7 A histad nic + (no ad* no ad* | + 0 0 0 (0) ad-3A ad-3B 
Ascus 101.1 a histad + + (no ad* \no ad + 0 0 ad-3A ad-3B 
Ascus 101.4 a histad nical (no ad* ad*+ |) + Oo; + ad-3A + 
Ascus 101.5 A+ ad +al ad* ‘no ad*¥, + + 0 + ad-3B 
Ascus 101.7 A+ + nict+ + + 
Ascus 182.1 a histad + al ino d* \no ad + 0 0 0 (0) ad-3A ad-3B 
Ascus 182.4 a histad nic+ (no ad ad* + 0; + + (201) | ad-3A + 
Ascus 182.5 A+ + nical - + + 
Ascus 182.7 A+ ad + + ad* ‘no ad* | + + 0; + (109) + ad-3B 
| Ascus 321.1 a histad + + (no ad* |no ad* + 0 0 ad-3A ad-3B 
Ascus 321.4 A histad nical  \no ad ad* | + Oo; + ad-3A + 
Ascus 321.5 A+ ad + + ad* no ad + + 0 + ad-3B 
Ascus 321.7 a+ + nical + + 
| Ascus 322.1 a histad nic + \no ad ad* | + 0}; + ad-3A + 
Ascus 322.4 a histad + al |\no ad*ftino ad* | + 0; 0 ad-3A ad-3B 
Ascus 322.6 A+ ad+al ad* \no ad* + 0 aa ad-3B 
| Ascus 322.7 A+ + nic- + + 
Ascus 523.1 a histad + + |no ad* ino ad* | + 0 0 ad-3A ad-3B 
Ascus 523.3 a histad nical \no ad ad* | 4 0; + ad-3A + 
Ascus 523.5 A+ ad + + ad* ‘no ad* | + | + 0 4+ ad-3B 
Ascus 523.7 A+ +.) nical - + 


* Numbers in parentheses indicate total number of revertants obtained; these values do not indi- 
cate reversion frequencies. 

t One ad* colony obtained (see table 2 and text). 

t A few ad* colonies obtained (see table 2 and text). 
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methods to distinguish the presumptive double mutant. Two such methods have 
been used: one involves heterokaryon tests with appropriate tester stocks, and the 
other makes use of the frequency of X-ray-induced reversions to adenine-independ- 
ence. Since the original parental stocks did not carry appropriate genetic factors 
permitting heterokaryon formation with one another, it was necessary to cross these 
cultures, as well as all the adenine-dependent F segregants, to stocks carrying such 
factors and to select heterokaryon-positive isolates. Such ad-3 isolates were first 
tested for heterokaryon formation against a nonpurple, biochemically distinct mutant 
mutant( ad-5), and then checked for their response with both ad-3A and ad-3B testers. 
The results of this analysis are given in table 3. All the F; isolates testing genetically 
as double mutants also test as doubles by heterokaryon analysis, since they respond 
to neither the ad-3A nor the ad-3B testers. Additionally, all the genetic tests for 
single mutants are confirmed by the heterokaryon tests. 

Tests for X-ray-induced reversions to adenine-independence were performed by 
exposing macroconidia of appropriate adenine cultures to 35,000r of 250 KV X-rays 
and plating onto appropriately supplemented media with and without adenine. 
Further details of the procedures used are given in GILEs (1951). In general, platings 
were made simply to determine whether reversions did or did not occur, and no rigor- 
ous attempts were made to obtain quantitative comparative data. The results of these 
tests are summarized in table 3 for the two asci tested in this manner. Again, it will 
be noted that cultures testing by crossing and heterokaryon analyses as double mu- 
tants also behave as such by the mutation (reversion) test, since such cultures fail to 
yield revertants, whereas the single mutants, both parental and segregants, do revert. 
All previous genetic tests have indicated that reversions in these purple adenine 
mutants occur by reverse mutation and not by suppressor mutation (GILES 1956). 

On the basis of the three types of tests performed—genetic (crossing), physiological 
(heterokaryon), and mutational (induced-reversions)—the ad-3 genotypes inferred 
in each ascus are indicated in the last column of table 3. In each instance the expected 
segregation pattern is obtained, yielding the two parental single mutants and the two 
doubles. In five asci, the behavior of the linked markers is also in agreement with these 
results, confirming a proximal position for the ad-3A mutant. The anomalous results 


TABLE 4 
Tests of adenine-independent isolates from random ascospore platings from back crosses of F, ade 


nine segregants (cf. tables 2 and 3) 


N , Genotypes of remaining 
o. adenine No. pseudo ad. indep isolates 

Culture crossed indep. isolates wild type 

tested ere 
hist* nic | hist nic* \hist® ni hist nic 

101.4 hist ad-3A + nic 142 1 137 0 1 3 
101.5 + + ad-3B 4 139 0 139 0 0 0 
182.7 + + ad-3B +4 62 3 58 0 0 1 
321.4 hist ad-3A + nic 67 0 65 0 1 1 
321.5 + + ad-3B +4 133 2 127 0 3 1 


Totals 543 6 526 0 5 6 
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with markers in ascus 61 can be most easily explained on the basis of a three strand 
double crossover in the /is/-2—nic-2 interval, one crossover having occurred in the 
ad-3A—ad-3B interval and the second in the ad-3B—nic-2 interval. 

The occurrence of an additional crossover in a closely adjacent region in one out of 
six asci exhibiting crossing over in the ad-3A—ad-3B interval was unexpected unless 
some type of negative interference was operating. Although this single instance could 
not establish such a phenomenon, it did suggest the desirability of obtaining addi- 
tional data on this point. Certain earlier results (DE SERRES, 1956a) also suggested 
that negative interference might be operating in certain crosses of purple adenine 
mutants. Additionally, results in other crosses of allelic and closely linked mutants 
suggest the possibility of negative interference (PRITCHARD 1955; GiLes 1956). Con- 
sequently, tests for chromosome interference were performed by an extensive analysis 
of adenine-independent recombinants obtained from crosses of selected ad-3A and 
ad-3B isolates (from the six tetrads) made to complementary adenine mutants 
carrying appropriate linked markers. 

The results of these tests are summarized in table 4. In each of the five crosses 
analyzed, the vast majority of isolates were of the expected /isf* nic genotype. All 
exceptional types were first tested, using conidial plating techniques, to determine 
whether they were heterokaryotic and hence presumably pseudowild types (Mitrcu- 
ELL, PITTENGER and MircHett 1952). After plating, a number of the exceptional 
isolates (predominantly of genotype /is/* nict) proved to be pseudowild types as 
indicated in table 4+. The genotypes of the remaining isolates are as indicated. If one 
assumes that these exceptional isolates have arisen as a result of double crossing over, 
the second crossover must have occurred in either the hisf-2—ad-3A or the ad-3B 
nic-2 interval. In order to calculate interference values for these crosses, the /ris/-2 
nic-2 interval has been taken as 8.35 crossover units (table 1). Random ascospore 
isolations from crosses of mutants derived from the F; generation of the cross under 
consideration gave an average value of 2.9 crossover units for the /ist-2—ad-3A 
interval leaving a value of 5.0 crossover units for the ad-3B—nic-2 interval (DE 
SERRES, unpublished). Consequently, the expected number of double crossovers 
involving either the /is!-2—ad-3A or the ad-3B—nic-2 intervals, if there is no inter- 
ference, should be 2.9 and 5.0 percent, respectively, of the recovered adenine-inde- 
pendent isolates. The total number of homokaryotic adenine-independent isolates 
from these five crosses is 537; 2.9 and 5.0 percent of this number equal 15.6 and 26.9, 
respectively. The actual numbers of exceptional (presumptive double crossover) 
isolates of genotype hist nic and hist* nic* are 6 and 5, respectively. 


DISCUSSION 


The results of the present serial ascospore isolations from an intergroup cross of two 
purple adenine mutants (ad-3.1 X ad-3B) support previous conclusions based on 
random ascospore isolations that adenine-independent segregants from such crosses 
arise by recombination mechanisms involving orthodox crossing over. Of 646 com- 
plete tetrads tested, six had one adenine-independent segregant. In each of these 
asci, crossing over had occurred between the two markers on either side of the ad-3 
region such that the six adenine-independent isolates were all of the same crossover 
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genotype. The other three segregants consisted of three adenine cultures—two non- 
crossover presumptive parental types and one reciprocal crossover presumptive 
double mutant. In each of the six asci the expected double and two parental single 
mutants were demonstrated to be present by three types of tests: genetic (back 
crosses to both parents), physiological (heterokaryon tests with compatible parental 
strains), and mutational (tests for induced reverse mutations to adenine independ- 
ence). In one of the six asci the genotypes of the double and one of the single mutants 
indicated that a second crossover had occurred in the ad-3B—nic-2 interval. 

Thus, on the basis of the present sample, there is no evidence that gene conversion 
is involved in the origin of adenine-independent segregants in crosses of these two 
purple adenine mutants. Whether conversion occurs in the opposite direction (from a 
wild type to a mutant allele) at either the ad-3A or ad-3B locus could not be easily 
tested in the present cross because the parental types were not in heterokaryon- 
positive (compatible) stocks. It may be noted, in passing, that no irregular tetrads 
were encountered involving any of the markers used in this cross—hist-2, nic-2, and 
al-2. 

The occurrence of one double crossover in the sample of six asci tested suggested 
that negative chromosome interference might be characteristic of the intervals 
adjacent to the ad-3 region of linkage group I. This possibility was tested by an exam- 
ination of further intergroup crosses, carrying appropriate markers, of two ad-3A and 
three ad-3B segregants from the six complete asci already discussed. In the total of 
537 homokaryotic adenine-independent isolates obtained by plating of ascospores 
from the five crosses, all but 11 were of the genotype expected on the basis of single 
crossing over between the ad-3A and ad-3B loci with the ad-3A locus located proxi- 
mally. As already indicated on the basis of the crossover distances between the two 
markers, assuming no interference, the expected doubles in the two regions were 15.6 
and 26.9, whereas the observed numbers were 6 and 5. Hence these data indicate the 
existence of positive interference and certainly provide no evidence for negative 
interference. Furthermore they agree very closely with previous data obtained in a 
similar single cross by DE SERRES (1956a). 

These results are of further interest in conjunction with the recent analysis of HOWE 
(1956) which indicates that there is no interference across the centromere in linkage 
group I, and positive interference on the left arm. The present tetrad analyses have 
confirmed the results of previous crosses involving random isolations (DE SERRES 
1956a) which showed the order of loci used to be sex, hist-2 ad-3A ad-3B nic-2 and 
have also shown that the /s/-2 locus is on the right arm. Hence, these studies indicate 
that positive interference occurs in the proximal portion of the right arm as well as on 
the left arm. 

It may be noted that in the present tetrad analysis, the recombination frequency 
for the hist-2—nic-2 interval is considerably greater than that previously reported by 
DE SERRES (1956a). However, it is now clear from the results of random ascospore 
analyses on various crosses involving linkage group I markers (DE SERRES unpub- 
lished) that wide variations in recombination frequencies for a given interval can be 


obtained with the same mutant strains in different genetic backgrounds, and the 
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present results can be attributed to such differences. Similar results, from a more 
elaborate analysis of crosses of markers in linkage group IV, have been reported by 
STADLER (1956). However, the rather wide range of values obtained for the ad-3A— 
ad-3B interval (table 2) probably results from a combination of differential survival 
of adenine-independent and adenine-dependent segregants in these crosses under 
plating conditions which resulted in low viability, as well as from heterogeneity in 
the genetic backgrounds of the isolates of mutants A2 and 35203 tested from each 
ascus. 

The present crosses (table 2) also confirm previous tests (DE SERRES 1956a) indi- 
cating that, in general, spore viability is much higher in intergroup than in intragroup 
crosses. This is the case whether the latter involve single or double mutants. The 
occasional occurrence in these tests of adenine-independent isolates from selfings is of 
interest. In two crosses, where only single colonies were observed, each was of com- 
pletely wild type genotype and these may well have been contaminants. However, in 
one cross involving a double mutant (ascospore 322.4, table 2), five colonies were 
obtained, of which two carried the a/-2 marker. Although contamination cannot be 
completely excluded in such instances, this appears to be an unlikely explanation. 
Reverse mutation in the conidia of the ad-3A parent may of course have occurred. 
However, the possibility of some type of unexpected interaction at meiosis, even in 
cases of selfings, must be kept in mind. 

Although the present tetrad results demonstrate that in the six asci studied from a 
cross of an ad-3A with an ad-3B mutant, the origin of adenine-independent segregants 
is associated with regular crossing over and the recovery of the expected double 
mutant, this does not exclude the possible presence of other mechanisms. It may well 
be that gene conversion occurs with a low frequency in such crosses. Of particular 
interest in this connection is the recent evidence of DE SERRES (1956b, and unpub- 
lished) from random ascospore platings of intragroup crosses (within both ad-3A and 
ad-3B), that in such crosses the origin of adenine-independent segregants shows little, 
if any, relation to recombination of markers on either side of the locus. Furthermore, 
there is some evidence (DE SERRES 1956a) that in intergroup crosses in which the 
apparent percentage recombination is quite low, suggesting a relatively closer approxi- 
mation of the mutational sites in the two loci than in the present cross, the frequency 
mf exceptional “‘noncrossover’’ adenine-independent isolates is increased. Such excep- 
tional types may represent instances of gene conversion. However, it is also possible 
that they arise from multiple crossover events, provided the assumption is made that 
strong negative interference is operating in such instances. The evidence for positive 
interference in the two adjacent marker intervals from the cross of mutants A2 and 
35203 argues against this view. Alternatively, it is possible to postulate that such 
multiple crossing over is confined to very much shorter chromosomal segments, as 
has been suggested by PRICHARD (1955) and SANSOME (1956). Critical evidence to 
distinguish between these possibilities can only be obtained from tetrad data and 
such data would be of particular interest in intergroup crosses involving more closely 
linked mutants, although these studies involve considerable technical difficulties 
because of the low recombination frequencies. 
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SUMMARY 


A tetrad analysis has been performed in order to obtain further evidence on the 
mechanism of origin of adenine-independent isolates from crosses between purple 
adenine mutants at the two closely linked loci, ad-3A and ad-3B in Neurospora crassa. 
The cross involved the ad-3A mutant, A2, carrying closely linked markers on either 
side of the ad-3 region and the ad-3B mutant, 35203. 

In a total of 646 complete tetrads examined, six contained one adenine-independent 
segregant. In each of these asci, crossing over had occurred between the two markers 
on either side of the ad-3 region such that the six adenine-independent isolates were 
all of the same crossover genotype. The other three segregants consisted of three 
adenine cultures—two noncrossover presumptive parental types and one reciprocal 
crossover presumptive double mutant. In each of the six asci, the expected double 
and two parental single mutants were demonstrated to be present by three types of 
test: genetic (backcrosses to both parents), physiological (heterokaryon tests with 
compatible parental strains), and mutational (tests for induced reverse mutations to 
adenine-independence). 

These results support previous conclusions based on random ascospore isolations 
that adenine-independent segregants from intergroup crosses of purple adenine 
mutants arise by recombination mechanisms involving orthodox crossing over, 
rather than by a mechanism such as gene conversion. 

In addition, an analysis of over 500 adenine-independent isolates derived from 
random ascospore platings of five intergroup crosses involving suitably marked F, 
segregants from the six asci provide evidence for positive rather than negative chro- 
mosome interference in this region of linkage group I. 
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LTRAVIOLET radiation has interesting properties as a mutagen, but diffi- 
culties of application have limited its use for genetic studies on higher organisms. 

In the case of bacteria or fungus spores, where penetration difficulties are minimal, 
simple exposure to a low power mercury vapor lamp has long been a normal labora- 
tory routine for getting mutants. The pollen of higher plants is usually sufficiently 
transparent to allow a mutagenically effective dose of ultraviolet to penetrate to the 
nucleus. Thus some exploration of the relative effectiveness of different ultraviolet 
wave lengths was made in Antirrhinum (StuBBE and NoETHLING 1937) and actual 
action spectra obtained in maize (STADLER and User 1942) and Tradescantia 
(Krrpy-SmitH and Craic 1957). As compared with microorganisms, absorption in 
pollen is large, and creates great physical difficulties and uncertainties of interpreta- 
tion. For example, a maize pollen grain is a sphere nearly 100 uw in diameter, and at 
wave length 2537 A, the extinction coefficient of its cytoplasm, Ey, is 860 (UBER 
1939). In cases of this sort, it seems clear that only a small minority of nuclei are 
exposed to a dose which produces mutations at a detectable rate without being lethal, 
and when this is taken into consideration, the remarkable intrinsic effectiveness of 
ultraviolet becomes obvious. 

Different plant species show great variation in the amount of handling that pollen 
can tolerate during experiments. In many plants, pollen withstands desiccation over 
CaCl. or H.SO, and in that dry condition its germinating capacity is preserved for 
many months. Reviews of literature concerned with this will be found in Doro- 
SHENKO (1928) and Visser (1955). On the whole, the pollen of most Gramineae 
does not remain viable after desiccation, and the time during which free pollen can be 
manipulated is very limited. In practice, the pollen of maize should be placed on the 
stigmas less than about 30 minutes after shedding, the exact time depending much 
on humidity and temperature, unless very special precautions are taken (SARTORIS 
1942). 

The pollen of common wheat is among the most difficult of all to handle. On the 
other hand, wheat possesses certain very special advantages for genetic analysis, 
which are connected with its derived polyploid nature. In particular, relatively large 
chromosomal deficiencies can be preserved and studied which, in purely diploid 
forms, would ordinarily be lethal. A successful method for treating wheat pollen 
with ultraviolet radiation was devised at the University of Missouri. The treatments 
were carried out in collaboration with Dr. E. R. SEARS using his material. The 
offspring from treated pollen were examined cytologically by Dr. L. SEARS, and a 


' Work performed under Contract No. W-7405-eng-26 for the U. S. Atomic Energy Commission. 
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* Present address: Department of Zoology, University of Texas, Austin 12, Texas. 
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FicurE 1.—A, fused quartz tube. B, bakelite flange. C, mercury discharge tubes WL 782 H-10. 
D, sheet aluminum reflector and outer cover. E, steel fixing rods, one of which has a supporting 
bracket F welded to it. G, space for sliding in black paper tube. In the drawing at the left, the clips 
for the discharge tubes are omitted for clarity. In the isometric drawing at the right, only one dis- 
charge tube and one fixing rod are shown, the outer cover being removed. 


description of them given by SEARs and Sears (1957). The treatment proved re- 
markably effective: out of 56 plants, 22 had one or more detectable chromosome 
aberration. 

Artificial pollinations in wheat are ordinarily made by touching a dehiscing 
anther to the stigma, and all efforts to use free pollen, which has been shed from 
the anther for more than a few seconds, fail. Nevertheless, wheat under field con- 
ditions is not entirely self-pollinated, and about two percent of the offspring are said 
to result from cross pollination. Thus, a little of the pollen carried by wind from 
plant to plant is functional. 

Starting with the idea that the essential condition for success is to minimize the 
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time during which pollen is out of the anther, a device was constructed, illustrated in 
figure 1. It consists essentially of a vertical fused quartz tube 60 cm long, 14 mm 
internal diameter and 1 mm walls. This tube is surrounded by three ‘“‘germicidal’’ 
mercury vapor tubes (WL782 H-10) whose power consumption is about 11 watts 
each, and whose active radiation is chiefly at wave length 2537 A. They were oper- 
ated from the special transformers recommended by the maker. A prepared wheat 
spike with bare receptive stigmas is inserted into the bottom of the quartz tube, 
where ultraviolet radiation is negligible, and a dehiscing anther is tapped at the top. 
Pollen falls down the tube by gravity and is thus irradiated before reaching the 
stigmas. Pollinations were carried out in a greenhouse, using potted plants. To pre- 
pare the wheat spike that is to be used as female parent, the undehisced anthers are 
first removed, as well as unneeded central flowers of a spikelet, and also some of the 
top and bottom spikelets. Spikes so prepared are covered with small glassine (parch- 
mentized paper) bags, and are kept for about three days, until the stigmas expand 
fully and are seen to have fluffy papillae. Thus far, the procedure is exactly the same 
as for ordinary cross pollination. Immediately before pollination, the glumes and 
paleae are clipped short with a small pair of scissors, allowing the stigmas to pro- 
trude completely. After pollination, an ordinary 6” X 4” test tube is placed over the 
spike, wired to a stake and cotton inserted around the base of the stem; it is left on 
the spike for a few days, being later removed to allow the seeds to ripen normally. 
The test tube is necessary because even in a humid greenhouse, completely exposed 
stigmas wither rapidly. 

The rate of fall of pollen determines the dose received; direct measurement of this 
rate was not attempted, but it seems likely that Stokes’ law can be applied as a 
reasonable approximation. Fresh wheat pollen is slightly ellipsoidal; Dr. L. SEars 
measured 50 grains, whose average long and short diameters were 55.0 uw and 50.6 u 
respectively. Little error will be made by assuming them to be spheres 52.8 yu in di- 
ameter. Their density is almost certainly close to one. Substituting these values into 
the formula for Stokes’ law for the rate of fall of spheres through a viscous medium, 
we get for the rate of fall of pollen about 8.3 cm sec~!. The cotton at the base of the 
tube prevents any general updraft, and it seems unlikely that convection currents 
on a smaller scale or electric charges create serious errors. Two errors that are prob- 
ably greater happen to be of opposite sign: On the one hand, some pollen grains un- 
doubtedly get retarded by touching the walls of the tube during their fall. On the 
other hand, grains stuck together get partial protection from radiation. The time 
elapsed between shedding and deposition on the stigma is about seven seconds. 

The construction of the irradiation device calls for little comment. The outer 
aluminum cover acts both as a shield and a reflector. Dosage was adjusted simply 
by surrounding the quartz tube with black paper in two sections, the gap between 
the sections being changed by sliding one of the paper tubes. 

The device was constructed at a time when the range of doses usable with wheat 
was unknown, and was intended to deliver a maximum amount of radiation. Since 
the results described by Sternirz-SEArs and SEArs (1957) suggest that the doses 


used are at the extreme upper end of the range, some changes in design suggest 
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themselves. Heating up of the entire device caused some trouble, and it might be 
preferable to place the mercury vapor tubes further away from the central quartz 
tube, as well as to make better provision for ventilation. 

The radiation output of the mercury vapor tubes mentioned is very steady after a 
short warming up period, particularly if the special transformers are supplied from a 
constant voltage transformer. Thus, dosage measurement will probably not often 
be needed in actual use. Because no standard existing instrument can be used for 
measuring radiation inside such a tube, it may be pointed out that a special bolometer 
is quite easily constructed. Incident radiation comes from all directions except along 
the axis of the tube, and the complex reflections make it impossible to specify these 
direction components. The bolometer receiver was therefore essentially a sphere, and 
was made out of a Western Electric Thermistor D170575. This is a glass coated bead 
about 0.4 mm in diameter, having a resistance of about 2000 ohms at 25°C, and a 
resistance temperature coefficient of —3.4 percent per degree centigrade. The bead 
was blackened with carbon black, after enameling the platinum lead wires on either 
side to prevent shorting by the carbon. The sensitivity should be substantially equal 
from all sides, except where the supporting leads come in: their axis was made to 
coincide with the axis of the tube, a direction in which there is no radiation. Measure- 
ments were made in air at atmospheric pressure, a simple Wheatstone bridge being 
used. The current was kept small enough to produce only negligible heating of the 
thermistor element. The bolometer was calibrated relative to a National Bureau 
of Standards carbon filament standard lamp, using an accessory high wattage pro- 
jection lamp to obtain light intensities of convenient magnitude for measurement. 
The sensitivity of the bolometer was 1.29 ohms milliwatt~! cm~. This specially con- 
structed bolometer should not be confused with the commercially available thermistor 
bolometer, whose receiver is a flake, and whose sensitivity is several orders of magni- 
tude higher. 

Total incident radiation inside the quartz tube was 380,000 ergs cm™ sec™', and, 
in spite of the complex reflections, no variation greater than 5 percent could be 
detected over the entire cross section of the tube. From the rate of fall of pollen 
given earlier, we thus find that each cm of exposed tube length delivers a dose of 
46,000 ergs cm~*. The two treatments which yielded the material described by SEARS 
and Sears (1957) used either a gap of 8 cm or else no cover, this last corresponding to 
an active discharge region of 18 cm. Thus, these two treatments represent doses of 
about 370,000 ergs cm~ and 830,000 ergs cm~ respectively. It may be remarked that 
a dose of 546,000 ergs cm~ of the same radiation was used by the writer for maize 
pollen (FABERGE 1956) and, with that material, represented a good compromise 
between mutagenic effectiveness and killing. All the doses refer to the total radiation 
given out by the mercury vapor discharge tubes which passes quartz walls and is ab- 
sorbed by a carbon blackened measuring receiver. About 80 percent of this is believed 
to be at wave length 2537 A. 


SUMMARY 


A method for treating wheat pollen with ultraviolet radiation, for genetic experi- 
ments is described. The construction of a special bolometer for measuring incident 
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radiation falling from all directions, which was used for estimating the dose delivered 

to the pollen, is discussed. 
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A number of studies have compared the effects of ultraviolet and X-radiation in 

causing mutations and chromosomal rearrangements. Although superficially 
similar results are obtained, STADLER (1939) suggested that the action of-the two 
agents might be quite different. He found in maize that rearrangements of chromo- 
somes resulted much more rarely from ultraviolet than from X-radiation. Also, 
ultraviolet-induced mutants at the locus A were recovered which fitted none of the 
criteria of deficiencies, whereas all of the X-ray-induced mutants obtained were 
indicated to be deficiencies (STADLER and RoMAN 1943, 1948). 

In experiments with Tradescantia pollen tubes Swanson (1940, 1942) reported 
that ultraviolet radiation produced only simple chromatid deletions, and these were 
located more medially or distally than those caused by X-rays. It has been suggested 
(McC iintock 1941; Swanson 1942) that broken ends produced by ultraviolet are 
more stable than those caused by mechanical or X-ray breakage. 

EMMERLING (1955), studying induced mutants in maize, could find only quantita- 
tive differences in the effects of X- and ultraviolet radiation. Her data showed a lower 
frequency of complex deficiencies and a higher frequency of terminal deficiencies 
following ultraviolet treatment. Recently FABERGE (1956) found that in maize endo- 
sperm no stable broken ends occurred as a result of either ultraviolet or X-ray break- 
age. His results with the two radiations, though not identical, were so similar that he 
could combine his data for making most of his analyses. 

Since common wheat, Triticum aestivum L. emend Thell., isa hexaploid (n = 21), 
it easily tolerates aberrations such as whole chromosome losses which would be lethal 
in a diploid plant. Although a comparison of X-ray and ultraviolet effects in wheat 
might therefore yield information of value, such a study has not been possible be- 
cause the pollen is too short-lived to survive the type of ultraviolet treatment hereto- 
fore used. The development of a new method for subjecting pollen to ultraviolet 
irradiation (FABERGE 1957), however, has removed this barrier to the use of wheat in 
comparative radiation work. 

The ultraviolet treatments which yielded the results reported here were made in 
collaboration with Dr. A. C. FABERGE, using his apparatus, during the winter of 
1955-56. The X-ray data used for comparison were obtained by the junior author in 
1948. 

! Supported by the National Science Foundation, Grant G 1626; by the Field Crops Research 
Branch, Agricultural Research Service, U. S. Department of Agriculture; and by the Field Crops 
Department, Missouri Agricultural Experiment Station. Journal Series Number 1715 of the Missouri 
Station. 

2 Respectively, Research Associate in the University of Missouri, and Geneticist, U. S. Depart- 
ment of Agriculture. Address: Curtis Hall, University of Missouri. 
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MATERIAL 


Throughout the ultraviolet experiment, wheat plants were used as both male and 
female parents which were homozygous for the partially dominant gene Q), deficiency 
for which results in the easily detected heterozygous speltoid phenotype. A few polli- 
nations involved parents homozygous also for the recessive gene on chromo- 
some III, virescent, deficiency for which results in normal chlorophyll development. 
The plants used as female parents were all of the pure variety Chinese Spring, except 
that the virescent plants had a pair of chromosome III’s which had been introduced 
from another variety. The male parents were mostly pure Chinese also, but included 
a number of plants obtained from Chinese crossed with an amphiploid of Triticum 
dicoccoides X Aegilops speltoides. Four backcrosses to Chinese had largely restored the 
genotype of Chinese to these lines, but stem-rust resistance and an associated glume 
character from Ae. speltoides had been retained. The amount of ultraviolet energy 
received by the treated pollen has been calculated by FABERGE (1957) as 370,000 to 
830,000 ergs per cm’. 

The X-rayed material, also pure Chinese Spring wheat, received 256r, the pollen 
being irradiated by the usual method while still in the anthers in the florets. 

RESULTS 
Seed setting and germination 

In the ultraviolet experiment, the spikes pollinated had an average of 23 florets, as 
determined from a sample of 27 spikes. Hand pollinations showed an average seed 
set of 31 percent, with a maximum of 17 grains on one spike. The tube-pollinated 
controls (pollinations through the FABERGE apparatus with the ultraviolet sources 
turned off) averaged six percent set, with a maximum of ten seeds per spike. Treated 
pollen produced sets averaging 22 percent, with a 13-seed maximum. Thus the radi- 
ation did not decrease the seed set. However, some of the seeds from irradiated pollen 
did not reach maturity. The percentage of aborted seeds was 4.5 from hand pollina- 
tion, none from tube controls, and 27.2 from treated material. 

Of the seeds obtained by hand pollination, 84 percent grew, and all 71 seedlings 
were normal. These were not studied cytologically. From the 17 tube-control seeds, 
13 plants were obtained (76 percent), all of which were studied cytologically. Of the 
116 seeds resulting from irradiated pollen, 69 germinated, but only 57 plants were 
obtained. Thus only 49.1 percent of the seeds from treated pollen produced plants. 

In the X-ray experiment, in which ordinary wheat pollinating technique was used, 
seed setting was strikingly better than following ultraviolet treatment, averaging 
87.3 percent. Germination was also much higher, being 99.2 percent. 


Identification of aberrations 


In the ultraviolet experiment all 13 plants obtained following control pollination 
through the tube had the normal complement of 21 bivalents at metaphase I. 

The ultraviolet treatments were of two different durations, one involving exposure 
through a distance of 8 cm and the other through 18 cm. Data from the two treat- 


ments, which yielded 10 and 47 viable seeds, respectively, have been combined, 
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TABLE 1 


Chromosome constitution of progeny of ultraviolet-irradiated pollen 
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* As determined at MI. See text for results of root tip studies. 
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because of the small numbers involved and the lack of any obvious difference in effect. 
One plant was highly abnormal and died before heading. Two others were speltoid 
mutants. 

Of the 56 F; plants studied cytologically, 34 had 21 bivalents. Several whole fami- 
lies were normal. This could have been due to occasional clumping of pollen or to the 
accidental dropping of an entire anther through the tube, thus preventing effective 
exposure to the ultraviolet irradiation. 

Among the meiotic abnormalities found at MI (table 1), loss of part or all of a 
chromosome arm was very common. This was observed as a heteromorphic bivalent ; 
or, if the same chromosome also was involved in a reciprocal translocation, it was 
seen as an apparent telocentric at one end of a chain. There were 23 such deficient 
chromosomes, 13 of these being apparently telocentric members of heteromorphic 
bivalents. One was a short isochromosome, probably less than a whole arm, also a 
member of a heteromorphic bivalent. Three were two-armed members of hetero- 
morphic bivalents. The other six deficient chromosomes were apparent telocentrics 
involved in multivalent configurations. Studies of a sample of six of the apparent 
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Chromosome constitution of progeny of X-rayed pollen 
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telocentrics in root tips of offspring revealed that few or none were actually telo- 
centric. Five of the six had a tiny but clearly discernible second arm. 

Nineteen translocations were found, including two that involved more than four 
chromosomes. Only the four translocations which formed rings of four could with 
certainty be attributed to reciprocal translocation without any loss. Ten transloca- 
tions definitely involved loss of chromatin, four of them being deficient for a whole 
chromosome, and six for part of one chromosome. Four other translocations were 
either deficient or else involved a piece too short to permit ring formation. 

The data for the progeny of X-rayed pollen are given in table 2. Of the 124 plants, 
28 had the normal complement of 21 bivalents at metaphase I. Fifty-seven hetero- 
morphic bivalents were found, and 49 of these had one telocentric or apparently 
telocentric member. Thirty-eight translocations formed rings at metaphase I indi- 
cating that no chromatin had been lost. Thirty-eight others involved either a trans- 
located piece that was too short to permit ring formation or a deficiency not large 
enough to observe at this stage. Fourteen translocations involved definite loss, 11 
being deficient for one whole chromosome, the other three for most or all of one chro- 
mosome arm. Root tip studies of four apparently telocentric members of hetero- 
morphic bivalents showed that at least three of these were not actually telocentric, 
but had a short second arm. 

Two plants were found in the ultraviolet experiment and two in the X-ray series 
that had an extra chromosome. Since the two plants from ultraviolet treatment (one 
with 20;; + 1::; and the other with 18;; + 1; + 1 chain of five including an isochro- 
mosome) both came from the same pollen parent of hybrid ancestry, it is quite possi- 
ble that the extra chromosome was already present before the treatment. The pollen 
parent, which was not examined cytologically, may have had a trisome. This plant 
could thus have given rise directly to the trisome in the first plant and, following 
misdivision of one chromosome and translocation of its homologue, to the chain of 
five in the second plant. 

The extra chromosomes in the X-ray series are less likely to have come from 
trisomic parents, because pure Chinese Spring plants were used. However, nondis- 
junction, while uncommon in this variety, is not unknown. One of the two plants with 
extra chromosomes had 15,; + 1 chain of four + 2; + 2); (both trivalents including 
an isochromosome), and the other had 13;; + 1 chain of nine + 2y;;. In the former 
plant both trivalents were presumably trisomes (secondary), and in the latter plant 
one of the trivalents must have been a trisome. Since the division to form two genera- 
tive nuclei had already occurred at the time of irradiation, there was no possibility 
for the treatment to cause the duplication of a chromosome, except by a delayed 
effect involving nondisjunction at an early division of the zygote. This would have 
resulted in a sectorial plant, part of which had a trisome and part a monosome. Such 
sectoring could scarcely have been detected, since only one spike each of these two 
plants was examined cytologically. Further assumptions are necessary to explain 
the origin of the added isochromosomes solely as a result of the irradiation. 

In the X-ray series one plant had an isomonosome, in addition to one other mono- 
some, one three-chromosome translocation, a ring of four, and 15 bivalents. The iso- 
chromosome can perhaps most easily be explained as the result of failure of a pair of 
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chromosomes to synapse in the female (untreated) parent, followed by misdivision 
of one of the univalents. Since the isochromosome was present as a monosome, it is 
necessary to assume that the homologue from the treated parent was lost, presumably 
as a result of the irradiation. 


Comparison of the effects of X- and ultraviolet radiation 


From ultraviolet-treated pollen two speltoid mutants were obtained, and three 
were found in the X-rayed series. One of the former and all three of the latter had 
cytological aberrations. It is not known whether any of the mutations were dependent 
on the cytological aberrations. 

Tables 1 and 2 show that the cytological abnormalities obtained from the two 
radiations fell into the same classes. The average number of breaks per cell (calculated 
minimum) was 2.8 for the effectively treated ultraviolet material and 2.9 for the 
comparable X-rayed material (i.e., amoung plants with aberrations). In the X-rayed 
material there were a few chain configurations longer than any obtained by ultra- 
violet treatment. 

Three of the offspring of X-rayed pollen were simple monosomics with no other 
abnormality, a class that was not found in the ultraviolet-treated material. This is 
presumably of no significance, however, since the X-ray experiment included more 
than four times as many plants with aberrations. The total number of monosomes, 
including those in plants with other aberrations, was not significantly different, 
being 21 in X-rayed and four in ultraviolet-treated material. 

Heteromorphic bivalents were somewhat less frequent in the X-rayed material, 
but the difference was not significant. Furthermore, the proportion of heteromorphics 
having two two-armed members to those having one apparently telocentric chromo- 
some was the same. Only three multivalent configurations in the X-rayed material 
as against six in the ultraviolet-treated involved apparently telocentric chromosomes. 
This is a significant difference between the two types of material. These data can be 
interpreted as evidence that chromosome ends broken by ultraviolet are less likely 
than those broken by X-rays to reunite with other broken ends, and after failure to 


reunite are less likely to form chromatid bridges and be lost.* 


DISCUSSION 


It is a reasonable assumption that when two chromosomes are broken, transloca- 
tion will as frequently bring the two centric pieces together (asymmetrical exchange) 
as it will unite the centrics with the acentrics (symmetrical exchange). The dicentrics 
formed are either lost or, perhaps following a breakage-fusion-bridge cycle, break 
apart and heal. In diploid organisms the frequency of loss of these dicentrics cannot 
easily be ascertained, because the resulting plants, being deficient for two whole 
chromosomes, do not ordinarily survive. In hexaploid wheat, however, plants deficient 
for two chromosomes not only are viable, but are reasonably normal unless the 

* Krrpy-Smitu and CraiG (Genetics 42: 176-187. 1957) showed that in Tradescantia pollen 
the ends of chromosomes broken by ultraviolet rejoin less often than do those produced by ioniz 


ing radiation, thus giving rise to fewer translocations relative to deficiencies 
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chromosomes concerned happen to be related. It is therefore of interest to try to 
determine what became of the dicentrics in the present material. 

In the X-ray experiment 70 reciprocal translocations (excluding the definitely 
deficient and the complex types) were recovered, which presumably means that 
there were about the same number of asymmetrical exchanges, each giving rise to a 
dicentric. That there were only five instances of two monosomes in a single plant 
(counting one plant with four monosomes as two instances) indicates that the dicen- 
trics were seldom lost. In the ultraviolet series there were eight reciprocal transloca- 
tions and no plants with two monosomes. Thus the ultraviolet data agree with those 
from X-ray in indicating little loss of dicentrics. 

Presumably some dicentrics undergo a breakage-fusion-bridge cycle which eventu- 
ally results in the shortening of the region between the centromeres to the extent that 
the two centromeres behave as one, as observed by Hatr (1952) and EMMERLING 
(1955). This makes a three-chromosome translocation. Even if all of the three-chromo- 
some translocations arose in this way, there were only four in the ultraviolet series 
and nine in the X-ray experiment (or 11, considering that the chains of five and of 
nine are comparable to chains of three), far short of the number needed to account 
for all of the assumed dicentrics. 

Dicentrics which eventually break and heal will usually give rise to chromosomes 
with one arm of altered length. Since the bridge formed by the dicentric is deficient 
for the terminal segment of each of the arms composing it, the derived arms will most 
often be shorter than the original; but, due to an eccentric break, an arm may occa- 
sionally be longer, or very short, or even completely absent. The derived chromo- 
somes with a short or missing second arm will form heteromorphic bivalents. It seems 
probable that most of the heteromorphic bivalents observed in at least the X-ray 
experiment arose in this manner, for relatively few of the dicentrics can be accounted 
for in other ways. 

Another possible manner of origin of deficient members of heteromorphic bivalents 
is from single breaks that heal either directly or following chromatid reunion and a 
breakage-fusion-bridge cycle. It seems probable that a number of the heteromorphic 
bivalents in the ultraviolet experiment and some in the X-ray series arose in this way. 

Since the deficient member of the large majority of the heteromorphic bivalents 
had a very short second arm, there is a possibility that the wheat chromosomes are 
most easily broken proximally, as has been suggested by Mac Key (1954). However, 
if most of the deficient chromosomes are formed following breakage-fusion-bridge 
cycles, of either chromosome or chromatid type, there is no necessity for assuming 
that the position of the original break is represented by what becomes the end of the 
shortened arm of the chromosome. 

The data reported here show that chromosomal rearrangements are obtained in 
high frequency with ultraviolet as well as with X-radiation, but indicate that more of 
the ultraviolet-induced translocations involve loss. In nonpolyploid material, where 
chromatin losses are less likely to be tolerated, the result could be infrequency or 
absence of detectable translocations, such as has been reported by STADLER and others 
(see SWANSON and STADLER 1955, for summary). Only in experiments such as those of 
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EMMERLING (1955), designed to select the occasional surviving deficient transloca- 
tions, would frequencies comparable to those from X-rays be expected. 


SUMMARY 


From wheat pollen given dosages of ultraviolet and X-rays roughly comparable 
in capacity to break chromosomes, 56 and 124 plants, respectively, were obtained, 
all of which were analyzed cytologically. Reciprocal translocations and part- and 
whole-chromosome deficiencies were found following both types of treatment, but 
more of the ultraviolet translocations were deficient for an apparently terminal seg- 
ment. This is regarded as evidence for less reunion and more healing of broken 
chromosomes following ultraviolet treatment. The virtual absence of translocations 
in previous ultraviolet experiments is attributed to the strong tendency of ultraviolet- 
induced translocations to involve deficiency. In diploid species these deficiencies 
would frequently cause inviability. The data suggest also that dicentric chromosomes 
are seldom lost in this material, but instead often break and give rise to chromosomes 
with terminal deficiencies. 
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HE blood group systems in chickens (BRILES, McGrBspon and Irwin 1950) 

afford opportunity to examine inbred lines for residual heterozygosity at loci of 
which the breeder is not ordinarily aware. The presence of two or more alleles in 
populations which have been subjected to inbreeding suggests some sort of balance 
mechanism resulting in heterozygote superiority. Forp (1945), HuxLery (1955), and 
Boyp (1955) have suggested that such mechanisms are responsible for the existence 
of the genetic polymorphism displayed by human blood group systems. 

The presence of two or more alleles at each of two blood group loci in two inbred 
lines of White Leghorns was reported by BriLEs and McGrppon (1948). Later, using 
a separately prepared group of reagents, BRILEs (1949) found that fixation had failed 
to occur at two or more loci in each of three other White Leghorn lines. Similarly, 
of twelve inbred lines developed from the University of California production-bred 
White Leghorn flock, SHuLttz and BriLes (1953) concluded that a minimum of six 
of the lines were heterozygous at the 1 locus, while eleven, or more probably all, 
were still heterozygous at the B locus. Furthermore, within the relatively noninbred 
production flock, artificial selection favored birds heterozygous at the A or B loci. 
GiLMour (1954) has obtained similar indications of heterotic effects of blood group 
genes in inbred chickens. 

This paper presents the results obtained by testing the red cells from sample 
members of 73 closed populations, most of which were inbred, with blood typing 
reagents specific for antigens produced by alleles of the B locus. 


Terminology 
The symbols used in this paper to designate alleles, antigens, and antibodies follow 
that previously used (BRILEs, McGrppon and Irwin 1950; SHuttz and BrILEs 1953), 
except that the superscripts of alleles (6°, B, B', etc.) and the subscripts of red cell 
antigens (Bg, Bi, Bis, etc.) will consist of a number which serves simply to designate 
the particular allele or antigen. Currently, the individual digits constituting the super 
or subscript number have no special serological significance. (Formerly, each digit 
represented a hypothetical “antigenic factor”. The concept that the antigenic 
product of a blood group gene was composed of a group of more or less discrete 
antigenic factors has been completely abandoned in the present terminology.) 
Contribution from the Department of Poultry Science, Texas A. and M. College System. Pub- 
lished with the approval of the Director of the Texas Agricultural Experiment Station as Technical 
Article No. 2623. This investigation was supported in part by research grants from the National 
Institutes of Health, Public Health Service (E1415), and the Hy-Line Poultry Farms. 
2 Address: Hy-Line Poultry Farms, Research Laboratory, Dallas Center, Iowa. 








632 W. E. BRILES, C. P. ALLEN AND T. W. MILLEN 


Antibodies (or serological reagents containing antibodies) are indicated by the letter 
B denoting the blood group system (locus) and a consecutive number indicating the 
particular antigen against which the antibodies were formed (B6, B12, B14, etc.). 
The term antigen refers to the total antigenic substance produced by a single allele. 

As evidenced by the data reported in this paper, a high degree of genetic and 
serological complexity exists at the B locus. It does not seem practical, at least for 
the present, to attempt to incorporate total discernible serological specificity into 
the nomenclature of alleles, antigens, and antibodies. Most of the populations of 
chickens utilized in these studies represent genetic isolates and as such usually do not 
possess B alleles in common. As a working system of nomenclature, the serologically 
distinct antigens detected in a newly tested line (or a limited group of lines) are 
assigned consecutive subscript numbers irrespective of the particular ‘‘reference”’ 
reagents with which each is reactive. Thus, in the series of lines to be presented in 
detail in this report (table 3), the antigens are numbered in consecutive fashion (1 
through 21) over the entire group of 12 lines, except where identical antigens are 
present in lines having a common origin. 


MATERIALS AND METHODS 


The serological and genetic procedures used in identifying alleles of the B blood 
group system have been described by BriLes, McGrpBon and Irwin (1950). In 
brief, isoimmune reagents were prepared which contained antibodies reactive with 
the antigenic products of particular alleles. In selecting birds for isoimmunization 
it was usually possible to match the total blood group genotypes of the recipients 
and donors in such a way that antibodies were obtained only against antigens of the 
B system. In this way purity of reagents for B antibodies could be assured without 
resorting to absorption. Tests for specificity were carried out using numerous control 
birds of known blood type within the respective lines in which each antiserum had 
been produced. Antisera and reagents were stored at —18 to —23°C. 

To determine the antigenic constitution of a sample of birds from a particular 
population, a suspension of erythrocytes of each bird was tested for agglutination 
with several different B reagents. Red cells for the agglutination tests were obtained 
by puncturing a wing vein with a scalpel and allowing a few drops of blood to enter 
a tube containing citrate solution (two percent sodium citrate and .42 percent sodium 
chloride). When tests were performed locally, the cell samples were washed once in 
saline and made up to a two percent suspension. In preparing cells for shipment to the 
Texas Laboratory, the freshly drawn cell samples were sealed with masking tape, 
chilled in ice water, and packed for shipment in an insulated bag containing ice. 
Usually the cell samples were en roule 24 to 36 hours and were received in excellent 
condition. After arrival, the cells were treated as above for testing. Cell suspensions 
were kept under refrigeration (3°C), and all tests were performed within five days 
after the blood had been drawn. 

The agglutination tests were performed in small test tubes by adding one drop 
(0.05 cc) of a two percent cell suspension in saline (0.75 percent) to two drops of a 
reagent in appropriate dilution. Each mixture of cells and reagent was shaken at 


15-minute intervals for an incubation period of one and one half hours at room 
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TABLE 1 


The average gene frequencies of five B alleles in three Texas inbred lines' 


Allele 
Inbred line 
B Be Bi Bs B 
T22 .28 0 .65 0 .07 
r'23 ae 35 By 0 0 
P24 .26 0 .66 .08 0 


' Frequencies represent weighted averages over four generations (1952 through 1955). 


temperature. Each tube was observed grossly by means of a slit lamp for the presence 
of agglutination and confirmatory readings were made after storage of the tests 
overnight in a refrigerator. Doubtful gross readings were checked microscopically. 

The basic reagents used in these studies were developed at the Texas Laboratory 
within three White Leghorn inbred lines—T22, T23, and T24. These three lines were 
derived from the same open-bred flock and are moderately inbred (52 to 59 percent 
for the 1955 generation). A total of five B alleles—B*, B®, B’, B’, and B*—currently 
exist in the three populations. After these genes were identified as belonging to a 
single multiple allelic series, a:sample of one of the original B2 reagents from the 
University of Wisconsin was found to agglutinate specifically cells containing the 
antigenic product of the allele currently designated as B*. Since allele superscripts 
through the digit 5 had been previously used in designating the five B alleles reported 
in the original work (BriILEs, McGrBBon and Irwin 1950), the remainder of the 
alleles in the Texas lines were designated with superscripts 6, 7, 8, and 9. Because 
of the prevalence of multiple allelism and the high degree of serological diversity 
known to exist for the B system, it is highly probable that the newly designated 
B» antigen in the Texas Leghorn lines is not identical with the Wisconsin Barred 
Plymouth Rock antigen against which the original reagent was prepared; a reason- 
able hypothesis is that the antigens produced by the Texas and Wisconsin alleles 
simply have in common some similar serological property or properties allowing both 
to react with the original Wisconsin B2 reagent. 

The average frequencies for each of the five B alleles in the three Texas lines for 
the 1952 through the 1955 generations (when the chicks were four weeks of age) are 
indicated in table 1. The frequencies of alleles in each line fall into three categories 
the most frequent allele in each line ranging from .53 to .66, the next most frequent 
from .26 to .35, and the least frequent from .07 to .12. The frequencies of B?, B®, and 
B have remained fairly constant over the four generations; however, the fre- 
quencies of B* and B® have approximately doubled over this period due to conscious 
selection to prevent their extinction. It should be noted that alleles B? and B' are 
present in all three of the lines, while B®, B’, and B® exist exclusively in lines T23, 
T24, and T22, respectively. In these limited populations, the scarcity of certain 
genotypes as recipients limited the preparation of reagents primarily to a few types. 
For example, in line 22, where the frequency of B’ is .65, most birds possessed the 
B' allele either in homozygous or heterozygous condition, so that when used as 
recipients a large proportion of the birds of this line were able to produce only B2 
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or B9 antibodies. In this instance, however, pure B9 reagents could seldom be made 
because of the existence of the B° allele in only a limited number of combinations with 
genes of other blood group loci; this necessarily restricted the number of properly 
matched anti-By immunizations. These limitations imposed by gene frequency, plus 
the fact that numerous properly matched immunizations did not result in the pro- 
duction of antibodies, meant that most of the reagents employed in these studies 
were B2 or B6; only occasionally were B7, B8, or B9 reagents available for use. 

With this limited spectrum of reagents, the present studies were initiated to deter- 
mine the extent of heterozygosity at the B locus in closed populations, especially 
inbred lines. To afford the investigation of this question the Hy-Line Poultry Farms, 
Des Moines, Iowa, made available cockerel chicks and blood samples, beginning in 
1950. Fifty-six Hy-Line populations, representing 51 genetic isolates and five ex- 
tractions from breed crosses, were tested at one or both laboratories. The breeds 
and varieties represented as pure stocks include Barred Plymouth Rock, White 
Plymouth Rock, New Hampshire, Rhode Island Red, Cornish, Exchequer, Ancona, 
Black Leghorn, and White Leghorn. After many of the commercial inbred lines 
maintained at the Hy-Line Research Laboratory, Dallas Centre, Iowa, had been 
typed with the reagents prepared in the Texas lines, immunizations based on these 
results were made within the lines, both at the Texas and Hy-Line Laboratories. 
As a result, reagents were prepared in large quantities which were specific for par- 
ticular antigens within the respective lines. These reagents were then extensively 
used in testing large numbers of individuals of the respective homologous popu- 
lations. Although the testing of large numbers of certain lines was primarily to 
obtain performance data for other studies, the agglutination results are included 
here as confirmation of the original tests using heterologous reagents. In addition to 
the material from Hy-Line Poultry Farms, hatching eggs and direct blood samples 
from 16 populations were supplied by public institutions for blood typing studies 
at the Texas Laboratory. These were inbred White Leghorn RPL lines 6, 7, 9, 10, 14, 
and 15 from the Regional Poultry Research Laboratory; inbred White Leghorn line 
NC1 and New Hampshire lines NC11 and NC12 from the University of North 
Carolina; inbred White Plymouth Rock lines L-C6, L-C8, L-C9, and L-C27 from 
Louisiana State University; inbred White Leghorn lines 1420 and M520 from the 
University of Minnesota; the production-bred White Leghorn flock of the Uni- 
versity of California (designated C1 in table 4); and noninbred White Leghorn line 
T50 from the Texas Agricultural Experiment Station. 

The coefficient of inbreeding for each population tested was calculated on the 
basis of Wright’s formula by the respective station of origin. An inbreeding co- 
efficient of .00 indicates that the population was obtained as breeding stock and had 
not been inbred since its importation by the Hy-Line Poultry Farms. The number of 
years each population had been closed prior to testing was determined as accurately 
as possible under the circumstances. Since experimental data bearing on this point 


were not often available, the claims of the original breeders were used in most cases 
as a basis for arriving at the figure ‘“tyears closed” in table 4. Except where large 
numbers of individuals in a population were tested, estimates of gene frequency 
would be subject to considerable sampling error and are not included in the present 
report. 





B BLOOD GROUP OF CHICKENS 635 
RESULTS 
Cross-reaction of reagents with heterologous antigens 


When the B reagents developed in a particular reference population are used in 
testing the red cells of a second population, the agglutination observed is almost 
invariably due to serological cross-reaction. Only when an antigen in the second popu- 
lation is identical (probably due to common ancestry) are homologous reactions ob- 
tained. Thus, antibodies (agglutinins) which agglutinate the red cells of the indi- 
viduals of a second population can be assumed to be reacting with antigens which 
are chemically similar to, yet distinctly different from, the homologous antigens 
against which they were formed in the reference population. Furthermore, supposedly 
“duplicate” reagents produced from the same recipient-donor blood type combina- 
tions usually have different cross-reactive properties. A summary of the detailed 
data obtained on a segment of one population—Hy-Line inbred H10—will be pre- 
sented to illustrate the occurrence and significance of cross-reactions in the results 
reported in this paper. The test results on the progeny of two dams mated to a com- 
mon sire are presented in detail in table 2. The members of this sire family were 
tested with five B reagents—B2-168T23, B2-199T23, B6-156T23, B6-157T23, and 
B6-209T23. [The customary procedure in identifying individual reagents at the 
Texas Laboratory is to follow the specificity designation (B2, B6, etc.) with a serial 
number for the reagent (168, 199, etc.) which in turn is followed directly by a letter- 
number combination (T23, etc.) indicating the line or population in which the re- 
agent was prepared.]| 

The agglutinins present in each of these five reagents were found to be cross- 
reactive with other antigens present in Texas lines T22 and T24 (lower portion of 
table 2). B2-168T23 cross-reacted with the Bs antigen of line 24 while B2-199T23 
failed to react with Bs but cross-reacted weakly with By. However, within T23, 
where the reagents were produced, each reagent was reactive only with the B. 
antigen. Similarly, the three B6 reagents reacted alike within line T23 but showed two 
different cross-reactive patterns with the heterologous antigens in the other lines. 
B6-156T23 cross-reacted only weakly with By whereas the other two reagents, 
B6-157T23 and B6-209T23, reacted strongly to both Bs and By. 

Returning to the agglutination obtained with the sire family of line H10, it will 
be noticed that only reagents B2-199T23 and B6-157T23 differentiated birds within 
line H10 (table 2). The other three reagents either reacted with all line H10 birds or 
else failed to react with any of the members of this line. Focusing our attention on 
the agglutination results obtained with the two reagents capable of differentiating 
individuals within line H10, it is noted that the cells of the sire and the first dam were 
agglutinated by both reagents, while the cells of ten of the 42 progeny from this 
mating reacted only with reagent B2-199T23 and 11 other progeny reacted only with 
B6-157T23. The cells of the remaining 21 progeny were agglutinated by both of the 
reagents, as were the cells of both parents. From these data it is clear that both 
parents were heterozygous for the genes responsible for each of the reactive antigens 
present in their cells and that each of the two different genes were transmitted to 
three fourths of their progeny. Furthermore, since all progeny reacted to one or the 
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TABLE 2 
1 eelutination of the red cells of the members of a sire family of line H10 (and homologous control cells) 


with heterologous B reagents' 


Reagents 


09T23 


Assigned No. progeny of 


Identity of cell 
genotype each genotype 


B2-168T23 
B2-199T23 
B6-156T23 
B6-157T23 


Bo 


Test dilution 


1:8 1:8 1:32 1:48 1:16 
Hy-Line H10 

Sire BBB 0 $4 0 ++ + + 
First dam BSB 0 ++ 0 4+ 4 ++ 
Progeny of first dam BB 10 0 to 0 0 ++ 
BB! 21 0 + + 0 ++ ++ 

BU BU 11 0 0 0 4. Bl 
Second dam su Bu 0 0 0 +4 $+ 
Progeny of second dam BU Bu 13 0 + + 0 +4 —o 
BUBY 12 0 0 0 + 4 t+ 

Control cells from Texas lines 

122, T23, and T24 B2B? + + ++ 0 0 0 
T'23 BeBe 0 0 fe of. ed p28 

T22, T23, and T24 BiB 0 0 0 0 0 
r24 B*B* + +4 0 0 + + + +4 
r22 B°B? 0 + + ++ $+ 


\ll reagents were prepared from immunizations made within line T23 


0 = no agglutination; + = weak; + = strong; ++ = very strong. 


other of the reagents, the antigen reactive with B2-199T23 and the antigen reactive 
with B6-157T23 were produced by allelic genes. 

This is in agreement with the basic hypothesis that the two reagents, as prepared 
in line T23, were specific for antigens produced by alleles of the B locus. The allele 
producing the antigen reactive with reagent B2-199T23 was assigned arbitrarily the 
symbol B", and its allele producing the contrasting antigen reactive with reagent 
B6-157T23 was assigned the symbol Bb". The genotype of the parents and 21 progeny 
whose cells were agglutinated by both reagents would have the genotype BYB™ 
while the ten progeny whose cells were cross-reactive only with the B2 reagent 
would be BYB™ homozygotes and the 11 progeny whose cells were cross-reactive 
only with the B6 reagent would be BYB™. 

A second dam, having cells agglutinated only by the reagent B6-157T23, pro- 
duced 25 progeny from the same sire that was mated to the first dam. Tests on the 
cells of the progeny revealed that 13 were of the genotype BYB" (reactive with both 
reagents B2-199T23 and B6-157T23), while 12 were B“B"™ (reactive only with B6- 


157T23). The fact that cells from all 25 chicks from this dam by a known heter- 
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ozygous sire (B'°5") were reactive with reagent B6-157T23, plus the direct agglutina- 
tion test on the cells of this dam (negative to B2-199T23 and positive to B6-157T23) 
showed that she was of the genotype BB". As a result of similar interpretation of 
agglutination tests on other families from line H10 it was possible to conclude that 
only two alleles—B" and B“—need be postulated to account for the B system differ- 
ences present in the population. 

Further examination of table 2 reveals that each of the two alleles in line H10 
is different from those present in any of the three Texas lines, in which all of the re- 
agents employed in the earlier stages of this investigation were prepared. The failure 
of reagent B2-168T23 to react with the cells of any of the birds of line H10 while at 
the same time reacting with the Bb? Texas control cells shows that both of the an- 
tigens B,; and By, are different serologically from the homologous antigen B. Like- 
wise, the failure of reagent B6-156T23 to react with any birds of line H10 shows that 
antigens B,; and By, are each different from Bs. Thus, it is concluded in this case that 
the antigens Bi; and By, are each produced by an allele genetically different from 
B? or B®. That neither of the two alleles in line H10 is identical with B’ is clearly 
evident from the fact that the two reagents (B2-199T23 and B6-157T23) found to be 
alternately cross-reactive with B,; and By4 were not reactive with B; from the Texas 
lines. That Bs and Bg are distinct from either of the antigens in line H10 is revealed 
by the failure of reagent B2-168T23, reactive with Bs, and B6-156T23, reactive with 
Bg, to react with any of the cell samples from line H10. On the basis of the present 
understanding of the genetic nature of blood-group-specificity differences, it can 
thus be concluded from these serological tests that line H10 possesses a minimum 
of two B alleles and that each of them is different from the five alleles present in the 
Texas stocks. 


Multiple allelism 


Extensive tests on 12 commercial inbred lines representing a New Hampshire, a 
Rhode Island Red, and seven White Leghorn original importations from various 
breeders revealed the presence of a total of 21 different B alleles (table 3). Reagents 
used in establishing the individuality of the antigens from this rather extensive 
series were produced against 16 of the 21 antigens resulting from the action of this 
series of alleles. These reagents were produced at the Hy-Line Research Laboratory 
from isoimmunizations within lines. In order for a B antigen in one population to 
be identical with one in another genetic isolate, both of the antigens must show the 
same total pattern of agglutination with any series of B reagents, otherwise the two 
antigens are serologically different. Close examination of the total reaction pattern 
of any antigen having a particular subscript symbol (table 3) will reveal that it is 
different from each of the remaining 20 antigens. Genetic tests within each of these 
12 populations have shown that the presence of each of the antigens is due to a 
segregating unit—presumably a single gene. Each such gene expresses itself in pro- 
ducing its particular antigen regardless of the particular accompanying allele. 

All lines between which no genetic relationship was known possessed antigens 
serologically distinct from those present in any of the other lines. However, identical 
antigens were encountered between two sets of sublines. From the Rhode Island Red 
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stock of one breeder there were developed sublines H5, H6, and H13. Antigen Bs was 
present in each of the three sublines, the antigen By in lines H5 and H6, and Bio 
in H5 and H13. The second set of sublines, H10 and H36, resulted from the White 
Leghorn stock of another breeder. Here both sublines possessed the same pair of 
antigens—B,; and By. 

In the experience of the authors it is anticipated that testing additional popu- 
lations of divergent genetic origin would increase materially the above list of 21 
different B alleles. In fact, the genetic and serological diversity encountered at this 
locus would suggest for the entire species the existence of a very extensive series of 
alleles. Effective serological investigation regarding the total number of alleles can 
be carried out only after many more blood typed populations are available for 
detailed study. Meanwhile, as a working hypothesis each allele encountered in a 
newly typed population is assumed to be different from any previously detected in 
other populations unless apparent homologies could be due to known common 
ancestry. 

Heterozygosity 

Number of Alleles in Closed Populations. Using the basic techniques described above 
for line 10 (table 2), samples of nine or more birds from 73 closed populations (repre- 
senting nine breeds and varieties and five breed-cross extractions) were tested with 
B reagents in an effort to determine the extent of heterozygosity within genetic iso- 
lates. Of the 73 populations, 71 clearly possessed two or more B alleles each (table 4), 
as indicated by differential agglutination resulting from tests on individual birds. 
Of the two other lines where clear-cut differentiation was not obtained, birds of line 
H48 (extracted from a Rhode Island Red X White Leghorn cross, ref. no. 40, table 4) 
reacted uniformly to each of six reagents and the members of White Leghorn line 
H23 (ref. no. 39) reacted similarly to each of 13 reagents. In the latter case there 
was considerable variation in degree of agglutination among the 20 birds tested; 
although this suggests heterozygosity, it hardly constitutes proof, hence the number 
of alleles for line H23 is indicated in table 4 as 1(2?). It should be emphasized that 
the uniformity of reaction shown by a line infers homozygosity only in the sense that 
the test failed to detect heterozygosity. Within a population a limited number of 
serological reagents serve only to prove the existence of differences—not likenesses. 
Thus, in evaluating the data on lines H23 and H48 it is important to note that the 
use of additional B reagents might have disclosed the existence of more than one B 
antigen in either of these lines. 

By the same principle it is apparent, from the relatively small number of reagents 
employed in testing many of the lines, that the use of a few more reagents might 
have disclosed the existence of alleles in addition to those listed in table 4. An actual 
case is a comparison of the results obtained on two occasions with the University of 
California production-bred flock of White Leghorns. Using seven reagents on cell 
samples from 140 birds of the 1951 generation disclosed at least five, or more probably 
six, alleles (ref. no. 16, table 4); using three reagents in 1950 on an even larger sample 
of birds from this flock, spread over three generations, disclosed only three alleles 
(SHULTz and BrILEs 1953). This finding simply means that the more recent test 
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TABLE 4 


Number of alleles detected in closed populations 


Ref.mo. | Line! mor | “| eee | ae | eee | cee | 

1 T50 W.L. .00 6 8 15 207 T 

2 H64 W.L. .00 2 3 10 33 H 
3 H75 W.L. .00 17+ 3 4 11 T 

4 H46 W.L. .00 32 2 6 16 sg 

5 H39 W.L. .00 32+ 3 7 110 © 

6 H62 W.L. .00 34 4 14 194 H 
7 H51 W.L. .00 38 4 14 10 H 
8 H44 Exchequer .00 1 2 10 12 T 

9 H77 N.H. 00 20+ 2 9 13 T 

10 H42 Ancona .00 19+ 2 9 12 T 

11 H17 B.P.R. .00 25 3 8 73 4 

12 H18 W.L. 11 4 3 11 104 - 

13 H38 W.L. 12 2+ 2 4 19 3 

14 H41 BLL. a 4 3 12 15 T 

15 H40 W.L. 14 9 3 13 27 4 

16 Cl W.L. 7 10 5 (6?) 7 140 T 

17 H27 W.L. 20 7+ 4 16 341 = @ 
18 H78 W.L. .20 22+ 2 6 10 z 

19 H34 S.C.E. 25 5 2 4 21 5 

20 H76 N.H. a 5 3 9 11 T 

21 H30 R.L.R. A 2. 13 2 10 70 T H 
22 H31 R.LR. | 7 2 10 70 T H 
23 H5 R.LR. a 20 3 18 100 T H 
24 H24 W.L. sae 18+ Z 6 30 zr 

25 H25 W.L. 25 8+ 2 6 35 ar 

26 H26 W.L. 25 18+ 2 25 167 T i 
27 H37 W.L. 25 9+ 3 13 32 ¥ 

28 H45 W.L. 25 34 3 30 889 a: @ 
29 H50 W.L. cae 5+ 4 16 231 T 8 
30 H32 Cornish .28 5 2 4 26 T 
31 H79 S.C.E. 31 7 3 6 61 rT 
32 H57 R.LR. Se 10 2 6 28 = 

xX W.L. 
33 H66 R.LR. .37 8 3 11 53 ¥ 
34 H43 W.L. a 10+ 2 24 169 T H 
35 H59 W.L. a 15+ 4 13 47 H 
36 H12 W.L. ee 5+ 2 6 473 T i 
37 H54 W.L. .38 20+ 4 14 215 T 
38 H28 W.L. .40 20+ 3 6 80 fi 
39 H23 W.L. .40 20+ 1(2?) 13 20 ‘ 
40 H48 R.LR. .40 10 1 6 33 T # 
x WL. 

41 H16 W.L. 45 20+ 3 14 122 > = 
42 L-C6 W.P.R. 50 10 2 10 21 T 
43 L-C8 W.P.R. .50 10 3 10 9 sf 
44 L-C9 W.P.R. .50 10 2(3?) 10 19 sy 
45 L-C27 W.P.R. .50 10 3 10 38 T 
46 H29 N.H. X Br.L. 50 6 2 10 94 T 
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TABLE 4. Continued 


Rel. no Line! Breed? “to. | coed | ao | re | oe | ene 
47 H10 W.L. 50 124 2 30 1002 r H 
48 H15 W.L. 50 22+ 2 3 18 I 
49 M520 W.L. 50 21 3 4 31 I 
50 Hi1 W.L. “25 14+ 2 24 115 r H 
51 Hi4 W.L. 55 9+ 2 7 a ee 
52 H52 W.L. 55 28 3 14 221 r H 
53 H2 W.L 63 18+ 3 30 2386 rs 
54 H6 R.I.R. 63 20 2 30 697 r H 
55 H4 R.LR. 63 17 2 9 129 H 
56 H1 W.L. 65 16 2 12 1539 r 
57 H22 W.L 65 22+ 3 6 42 I 
58 H36 W.L 66 12+ 2 30 873 
59 RPL7 W.L. 67 12+ 2 9 35 I 
60 RPL15 W.L. 67 12+4 2 9 35 I 
61 H7 W.L. 68 22+ 2 7 76 I 
62 RPL14 W.L. 69 12+ 2 9 46 I 
63 H8 W.L 70 22+ 2 30 784 rs 
oF RPLO W.L. .70 12 2 9 47 I 
65 M420 W.L. .70 19 2 4 is | Ft 
66 NCI W.L. 70 9 2 7 24 |T 
67 NCI1 N.H. .70 9 2 7 Diz 
68 NC12 N.H. 70 9 2 7 32 I 
69 H13 R.LR. 71 20 2 30 396 rs 
70 RPL9 W.L. ‘to 15+ 2 16 201 r 
71 H3 N.H. .80 204 2 30 622 r & 
72 RPL10 W.L. 83 12+ 2 9 47 I 
73 H9 W.L 86 20+ 2 q 48 | T 
! Letter prefixes indicate source of lines as follows: C = University of California; H = Hy-Line 

Poultry Farms; L = Louisiana State University; M = University of Minnesota; RPL = Regional 

Poultry Research Laboratory; NC = University of North Carolina; T = Texas Agricultural Experi 
ment Station. 
2 Breeds are abbreviated as follows: BI.L. = Black Leghorn; Br.L. = Brown Leghorn; B.P.R. = 

Barred Plymouth Rock; N.H. = New Hampshire; R.I.R. = Rhode Island Red; S.C.E. = Silver 


Columbian Extraction; W.L. = White Leghorn; W.P.R. = White Plymouth Rock. 
Years closed at time of test; a plus (+) sign indicates that the population was probably closed 
longer than period indicated. 
‘ Maximum number of reagents used in testing a sample of birds from the respective line. 
* T indicates that tests were performed at Texas Laboratory; H indicates that tests were per- 
formed at Hy-Line Laboratory. 


using seven reagents was able to differentiate antigens which reacted alike with cer- 
tain of the original three reagents. 

Effect of Inbreeding on the Number of Alleles. The effect of inbreeding on the number 
of alleles is rather marked. All 16 lines having inbreeding coefficients above .65 (ref. 
nos. 58 through 73, table 4) uniformly possessed two alleles, while three to eight alleles 
were observed in 28 of the remaining 57 lines with inbreeding coefficients .65 or below. 
Of the latter group less than one half of the 29 lines displaying less than three alleles 
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can be considered to have been adequately blood typed, either in terms of the number 
of birds tested or the number of reagents employed. On the other hand, those popu- 
lations having inbreeding coefficients above .65 can be considered to be fairly ade- 
quately surveyed for antigenic differences, especially since the number of blood 
samples and the number of reagents necessary for adequate blood typing of a line is 
necessarily dependent to a large extent on the number of alleles actually present. 
Where multiple allelism is characteristic of a locus, inbreeding would be expected 
to aid in simplifying the task of blood typing by reducing the number of alleles present 
in a population. 

In general, the data presented in table 4 indicate that intensive inbreeding of 
approximately 66 percent or more can be expected to reduce to two the number of 
B alleles within a population. One exception to this general conclusion is the detec- 
tion of three alleles in a line having an inbreeding coefficient of .89 at the time the 
test was performed. This population was the Reaseheath R line developed by con- 
tinuous brother-sister mating at the Northern Breeding Station at Reaseheath, 
England (Pease 1948). The blood samples tested were from a segment of the stock 
which had been secured by the Hy-Line Poultry Farms. This line was the most 
highly inbred of any of the lines under study, but it was not included in table 4 
because only five birds were tested. Even though the extent to which this line was 
tested (four reagents used on cells of five birds) would in general be considered to be 
inadequate for detecting the maximum number of alleles, the disclosure that three 
distinct alleles existed in this population serves as a pertinent example of the pos- 
sible magnitude of heterozygosity at the B locus in inbred material. A recent personal 
communication from Dr. DouGLas GiLmMour, who has been studying the blood 
groups of the Reaseheath R line, is of interest at this point. Using reagents recently 
supplied by us, Dr. GrLtmMour has determined that one of the blood group loci previ- 
ously worked out by him in the Reaseheath R line (GrLMouR 1954) corresponds to 
the B locus. At this particular locus he had found three alleles in the 1949 generation 
(from which we tested the five birds) and in each succeeding generation through the 
progeny produced in 1952, but among the breeders selected for 1953 only two of the 
alleles were present. Thus, the third allele appears to have finally succumbed to the 
pressure of genetic drift under inbreeding—apparently in spite of a rather strong 
selective advantage favoring retention of the third allele. 

In contrast to inbred material, there may be several B alleles in noninbred popu- 
lations, especially if they have been closed to introduction of outside stock for only a 
relatively short time. The most extensive data presently available for a recently 
closed noninbred population is line T50 (ref. no. 1, table 4). Tests on two occasions 
three years apart (207 birds tested with 15 B reagents in 1953 and 120 birds tested 
with 15 different B reagents in 1956) disclosed in each case antigenic differences 
which could be accounted for by no less than eight alleles. Extensive followup 
studies on this population are now underway. 

A unique group of populations yielding information on the number of alleles 
probably existent in recently closed stocks were made available for testing by Louisi- 
ana State University. These were four White Plymouth Rock lines—L-C6, L-C8, 
L-C9, and L-C27 (ref. nos. 42 through 45, table 4)—developed by that station from 
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a single population. Although these lines possessed only two or three alleles each, 
the four populations pooled represented a total of eight distinctly different B alleles. 
Except for mutation, the total number of different alleles present in these pooled 
lines must have been present in the original population from which the lines were 
developed. Furthermore, some years previous to the initiation of inbreeding, this 
flock had originated from the “blending” of two strains of White Plymouth Rocks 
(personal communication from PRoFressor B. A. Tower). Considering the manner 
in which this line originated and at the same time recognizing the likelihood of having 
lost some alleles due to inbreeding, it seems reasonable to expect that more than 
eight alleles were probably present when inbreeding was initiated. 

From these data it is apparent that several alleles can be expected to exist in 
open-bred or recently closed populations. The limited data in table 4 on flocks with 
little or no inbreeding indicates that closure for several years may reduce the number 
of B alleles to three or four. Only three lines having inbreeding coefficients listed as 
.00 and closed for 25 or more years can be considered to have been tested extensively 
enough to indicate the probable number of alleles actually present. These are Barred 
Plymouth Rock line H17 (ref. no. 11, table 4) and White Leghorn lines H39 and H62 
(ref. nos. 5 and 6); the number of alleles detected in these lines were three, three, and 
four, respectively. The three or four alleles disclosed by these tests would be expected 
to represent only a portion of those present in the original populations, for genetic 
drift during the period of closed-flock breeding should have brought about the ex- 
tinction of some alleles. 

DISCUSSION 

The data presented in this paper show that the B blood group system constitutes 
a case of genetic polymorphism in the domestic fowl. Furthermore, from the almost 
universal occurrence of two or more alleles in chicken populations, even when highly 
inbred, the polymorphism encountered here must be of the balanced type, in contrast 
to transient polymorphism in which an advantageous gene is in the process of spread- 
ing through a population (Forp 1940, 1945). In the case of transient polymorphism a 
much higher proportion of the populations examined in this study should have shown 
uniformity of agglutination with the blood typing reagents. 

In the lines possessing only two alleles a balance between the three possible geno- 
types would be expected to depend on the relative superiority of the single heter- 
ozygous type over each of the two homozygous types (FISHER 1922). In the other 
lines possessing three or more alleles the relative superiority of the different heter- 
ozygotes among themselves would largely be expected to determine the equilibrium 
frequencies of each allele (WricHT 1949). Although data relative to the gene fre- 
quencies in these lines over a number of generations are not available, the universal 
presence of three or more alleles in closed populations exhibiting little or no inbreeding 
suggests that the different heterozygotes do not differ greatly in the magnitude of 
their effects on fitness. Should one heterozygote be strongly superior to the other 
heterozygous types under a system of multiple alleles, WriGut (1949) has shown that 
all alleles except the two responsible for the decidedly superior heterozygote would 
be eliminated. In the data presented here, it is perhaps significant that all nine lines 
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having inbreeding coefficients of .20 or below and having as many as 27 birds tested 
(ref. nos. 1, 2, 5, 6, 11, 12, 15, 16, and 17—table 4) possessed three or more alleles. 
Considering the relatively small size of populations of domestic strains of chickens 
chance drift would be expected occasionally to eliminate an allele, even though its 
loss would reduce the overall level of heterozygous genotypes in the population. Thus, 
within closed populations the effect of heterozygosity per se resulting from about 
equal selective advantage of the various heterozygous genotypes might be of con- 
siderable importance for the B locus, especially in view of the role of drift working 
continuously toward the elimination of the allele of lowest frequency. 

Information on the manner in which the B locus exerts its heterotic effect is at 
present rather limited. Preliminary data from the Texas inbred lines T22, T23, and 
T24 indicate that hatchability, livability, and egg production are favorably influenced 
by heterozygosity at the B locus (BRILEs 1954; BRILES and KRUEGER 1955; BRILES 
1956). Also body weight at nine weeks of age was usually greater for the heter- 
ozygotes, although in line 24 one homozygous class of males was consistently heavier 
(three years of data) than the primary heterozygous class, suggesting that the 
genetic background is important in determining the full physiological expression of 
the heterozygous condition (BRILES, JOHNSON and GARBER 1953; BRILES, un- 
published). Thus, in these inbred lines, the spectrum of physiologically important 
phenotypic characters affected by the B locus appears to be especially broad. Whether 
these heterotic effects are solely the result of action at the B locus or due in part to 
closely linked nonblood group genes under the super-gene concept (FISHER 1930; 
MATHER 1943, 1955; SHEPPARD 1953, 1955) must await further investigation. 

It has been suggested by SHEPPARD (1953, 1955) that blood groups in general may 
be supergene systems consisting of very closely linked blood group genes. Assuming 
the existence of a heterotic locus, the development of a supergene is based on the ex- 
pected increase in linkage between such a locus and others with which it interacts; 
the increase in linkage results from natural selection favoring chromosomal aber- 
rations which reduce the distance between the loci concerned. The essential effect of 
this tighter linkage is to increase the frequency of simultaneous segregation of genes 
having favorable ‘combination effects’. Attempts to interpret specificity differences 
within blood group systems in terms of the supergene concept, however, encounter 
one serious obstacle—the lack of critical genetic evidence that any thoroughly in- 
vestigated blood group system, including those of man, is made up of more than 
one distinct locus. It seems only reasonable to expect that some crossing over would 
occur between loci brought together to form a supergene. Without this positive evi- 
dence it seems only reasonable to interpret the specificity differences displayed by 
each blood group system as resulting from a single series of multiple alleles. 

The over-all superiority of the B heterozygotes may stem from heterotic expression 
throughout the life span of the individual birds, or it may be due to alternate supe- 


riority of different alleles in various phases of the life cycle or under different en- 





vironmental conditions (LERNER 1954). In view of the broad spectrum of phenotypic 
effects of this locus, it seems reasonable to anticipate that both phenomena might be 
involved in its total expression. 

Of considerable import is the extent to which the B blood group locus may be 
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representative of loci in general. The margin for even partial elimination of homozy- 
gotes in chickens does not appear to be great enough to support many such loci. 
However, relatively few heterotic loci could serve to establish a rather highly in- 
tegrated system of more or less stable chromosome blocks or supergenes having pro- 
nounced buffering effects for fitness in closed populations. At the same time it is not 
inconceivable that considerable buffering could result from the individual action of a 
relatively few strongly heterotic loci, especially when possible favorable interaction 
between such loci (SHuLTz and BrRILEs 1953) is taken into consideration. 

Evidence for superior survival of particular single gene heterozygotes has been 
presented by several workers in recent years (see DoBzHANSKY 1951; STERN ef al. 
1952; BuzzaTI-TRAVERSO 1952; and LERNER 1954, for reviews and references). Of 
special interest is the recent discovery of Cock (1956) that cryptic plumage color 
genes were segregating more often than could be expected on a purely chance basis 
in inbred lines of chickens. The extreme multiple allelism at the B locus in general 
and the almost universal occurrence of two or more alleles in inbred populations indi- 
cate that this locus may be somewhat unique in the magnitude of its heterotic effects. 

Of special concern in this discussion are some recent findings for the ABO blood 
group system of man. Persons of group O have been reported to be at a selective dis- 
advantage with regard to two diseases. Group O individuals have been shown to be 
about 37 percent more likely to develop duodenal ulcer than are individuals having 
the other ABO blood groups (Arp e/ al. 1954; CLARK ef al. 1955; BUCKWALTER el al. 
1956), and patients with pituitary adenoma were found to have a 31 percent higher 
frequency of group O than the control population (Mayr e/ al. 1956). Persons of 
group A have been reported to be at a selective disadvantage with regard to three 
diseases. Individuals of group A have been shown to be about 20 percent more likely 
to develop carcinoma of the stomach than are those of the other types (Arrp e/ al. 
1953; BUCKWALTER ef al. 1956); the frequency of group A was significantly higher 
than the other groups among children showing post-mortem evidence of broncho- 
pneumonia (STRUTHERS 1951) and among men with diabetes mellitus (MICCONNEL 
et al. 1956; MCCONNEL 1956). In view of the heterotic effect reported in this paper 
for the B system of chickens, it is perhaps pertinent to focus our attention on the 
approximate percent homozygotes expected in the three major ABO blood group 
classifications. Group O would consist entirely of OO homozygotes; group A would 
be expected to consist of 10 to 17 percent total homozygotes 4,41 + AeA», depending 
on the relative frequencies of 1; and A»; and group B would be expected to consist of 
about four percent BB homozygotes (RACE and SANGER 1954; MourAnt 1954). 

In spite of the serological and sampling difficulties encountered in collecting data 
relative to the action of selection on the ABO genotypes (rather than phenotypes), 
it would seem very desirable to investigate the relative selective values of AA vs. AO 
and BB vs. BO. Should such investigation disclose that the respective homozygotes 
were especially discriminated against by natural selection, the currently unaccounted 
for gene frequency values for the ABO system might be readily explained. (In general, 
the gene frequency values for O, A, and B in the populations studied above can be 
considered to be about .68, .26, and .06, respectively). Even though at the moment 
the OO genotype seems to be strongly disadvantageous, the fact that this class con- 
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stitutes such a large segment of the population suggests that in reality it may be 
more advantageous than either of the other homozygotes—AA or BB. Rather strong 
adverse selective effects of the 1A genotype could be responsible for the increased 
susceptibility presently ascribed to the group A phenotype. The BB genotype occurs 
in such low frequency that even very strong selective effects against it would likely 
be obscured in the group B data by the much higher frequency of the BO 
heterozygotes. 

The selective susceptibilities for various diseases displayed by the ABO system 
in man and the heterotic effects associated with the B system in chickens strongly 
suggest that blood group systems in general which are characterized by multiple 
alleles will be found to have important physiological effects. 


SUMMARY 


Blood typing reagents specific for antigens of the chicken blood group system B 
were used in testing nine or more birds from each of 73 closed populations. Two or 
more alleles were demonstrated to exist in all but two of the populations. Each of the 
two exceptional groups (moderately inbred) displayed uniform agglutination reactions 
to the reagents used, indicating that they may have been homozygous; however, the 
detection of serological differences in these studies was dependent upon fortuitous 
cross-reactions, and it is quite possible that either or both of these populations 
possessed two or more alleles having very similar antigenic effects which were not 
differentiated by the reagents employed. 

A detailed serological study, designed to determine the homology of the B alleles 
in different populations, disclosed the existence of a total of 21 alleles in 12 lines de- 
rived from nine different original stocks. Furthermore, alleles producing antigens of 
like serological properties occurred only in lines derived from the same original 
stock. Considering the fact that these 12 lines represent only a smal! segment of the 
entire species, a very extensive series of alleles must exist at the B locus. 

There was, in general, a decrease in the number of B alleles present as the degree 
of inbreeding increased. Except for the two possible homozygous lines, the number of 
alleles ranged from eight in a recently closed population to two for the more highly 
inbred lines. A reduction in the number of alleles with increased inbreeding is ex- 
pected, but the fact that at least two alleles were present in all of the more highly 
inbred lines (above 65 percent) indicates the existence of strong heterotic effects for 
fitness. 

The implications of these results for the interpretation of recently disclosed disease- 
susceptibility effects of the ABO blood group system in man are discussed. 
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T has been known since the work of SONNENBLICK (1940) that, in Drosophila 
melanogaster, the same dose of X-rays produces as much, if not more, egg mor- 
tality (failure of fertilized eggs to hatch as larvae) when oocytes as when sperm are 
treated. There are grounds for inferring from the lower LD 50 when the nuclear 
rather than the cytosomal region of recently fertilized eggs is irradiated (ULRICH 
1953, 1955), that genetic rather than cytoplasmic events are responsible for the 
great majority of egg deaths after oocytes are irradiated. In Habrobracon, this is 
certainly the case, as shown by the protective effect of diploidy as compared with 
haploidy (A. R. Wurtinc 1955), but here most of the deaths are, unlike what is the 
case in Drosophila, due to recessive lethals and to aneuploid conditions unassociated 
with lethal chromosome bridges. As for Drosophila, ploidy, at least when the embryo 
is irradiated, does not have this effect (LAmy and Mutter 1941) but in the light 
of ULRicn’s (ibid.) results we may infer that part of the damage to irradiated Droso- 
phila embryos is caused by chromosome bridge formation, to which ploidy offers 
no protection. 

SONNENBLICk’S (1940) finding that in some Drosophila eggs which fail to develop 
after X-radiation there are chromosomal abnormalities which could be the cause 
of death and Wurtrinc’s (1948, 1955) similar observations following irradiation of 
Habrobracon oocytes at metaphase I provide evidence that chromosome breakages 
which result in aneuploidy and/or dicentric chromosomes that give bridges are the 
cause of some of the X-ray-induced egg deaths. Data are not available, however, 
which permit either a quantitative estimate of the amount of mortality having a 
basis in these causes, or a decision as to whether these effects were produced in con- 
sequence of single or multiple chromosomal breaks. 

With the discovery and study after X-raying Drosophila oocytes of the large 
component (as much as 50 percent or more) of induced egg mortality which is in- 
tensity-dependent (ABRAHAMSON and HerskowtI1z 1955, 1957; Herskow1tz 1957), 
i.e. has a multihit basis, it was proposed that the intensity-dependent fraction of 
egg mortality resulted from multiple breakage events in the maternal chromosomes. 
Some cases of two or more breaks in non-homologous chromosomes might kill be- 
cause they give rise to dicentrics, formed either by union of centric fragments of 
non-homologous chromosomes or because the joinings, which were eucentric insofar 

' This work was supported by a grant to Dr. H. J. MULLER and associates from the American 
Cancer Society. 

* Contribution No. 636. 
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as they occurred, were not reciprocal and thus left an unjoined centric piece in the 
egg which formed a dicentric isochromosome at a later time. Following either of these 
events deaths would then occur, conceivably, in some cases from bridge formation 
and in others from aneuploidy. Deaths from these causes would be expected to make 
up part of the egg mortality which is X-ray-intensity-dependent. That bridge for- 
mation is not a likely cause of dominant lethality when it happens at the first meiotic 
division (unlike the situation at ‘‘cleavage” divisions or at the second meiotic di- 
vision) is indicated by SturRTEVANT and BEADLE’s (1936) finding that dicentrics 
caused by crossing over within heterozygous inversions cause the egg nucleus to 
receive a monocentric chromatid without any bridge disturbance 

Once it was shown that eucentric half-translocations were frequent multibreak 
events after X-radiation of oocytes (HERSKowiTz and MULLER 1953; MULLER 
and Herskowl11z 1954; HerskowItz 1954; ABRAHAMSON, HERSKOWITZ and MULLER 
1954, 1956; Herskowitz and ABRAHAMSON 1955, 1956; PARKER 1953, 1954; and 
ABRAHAMSON 1956) it became likely that a sizable part of the intensity-dependent 
egg mortality could be due to the retention in the mature egg of rearrangements of 
this type. For in addition to those eucentric half-translocations whose aneuploidy 
was small enough to be viable (the only ones detected in the just quoted studies), 
there were probably a sizable number induced whose aneuploidy was great enough 
to act as dominant lethals, some of these killing in the egg stage. 

While it has not yet been possible by experimental means to determine quanti- 
tatively the number of aneucentric interchromosomal rearrangements induced by 
irradiating oocytes, this did seem feasible for some types of eucentric half-transloca- 
tions which produced a dominant lethal effect. For the number of the latter could 
be determined from living offspring if the mature aneuploid eggs became euploid 
zygotes after fertilization by sperm of complementary aneuploidy, when both 
gametes carried suitable genetic markers. The half-translocation specifically tested 
for experimentally was one producing an egg hyperploid for all or almost all of 
IIR chromosome whose aneuploidy was sufficiently compensated for when fertilized 
by a sperm hypoploid for IIR. A limited study of the contribution of real and ap- 
parent nondisjunction of the X chromosome to X-ray-induced egg mortality was 
also made. The contribution to X-ray-induced egg mortality of such nondisjunction 
and of eucentric half-translocation and related breakage events involving all chro- 
mosomes is estimated. 

Some of the results given here have been previously reported in abstract form 
(Herskowi1tz and ScHALET 1956). 


MATERIAL AND METHODS 
Experiment I was designed to detect the frequency of eggs containing two X 
chromosomes as a result of nondisjunction or rearrangement induced by about 2000r 
of X-rays. Wild type (Oregon-R) virgins, aged 6-7 days on good nutrition, were 
either untreated or given X-rays at 25°-27°C in a concentrated manner (continuously 
at about 1400r/min) or in a protracted one (interruptedly at about 22r/min in 
nine irradiations each 10-minutes long with stops of 25 minutes between, occupying 


a total of four hours 50 min). On completion of the protracted treatment the females 
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FicurE 1.—Diagrams for half-translocation study in Experiment IL. 

A. Tetrads of primary oocyte in which one strand of IL is broken at P. A second break is assumed 
to occur in any one of the following positions: (a) subterminally in a different strand of this tetrad 
or in any strand of X or III, (b) in the proximal heterochromatin of the long arm of one of the X 
strands, anywhere in a strand of IV. 

B. Ploidy of IL in mature egg following half-translocation. Capturing of ITR (B1) and capping of 
IIL (B2), respectively, by centric and acentric pieces resulting from the second break located as 
described in A, causing, respectively, hyperploidy and hypoploidy of IIR. 

C. Paternal genotype for sex and IT chromosomes. 

D. One type of aneuploid sperm expected from C; this is hypoploid for IIR. Should such a sperm 
fertilize an egg of type shown in B1, the zygote resulting would be euploid for IT. 

O = centromere, @ = telomere, solid straight line = euchromatin, solid wavy line = hetero- 


chromatin, broken line = chromatin derived from the second break postulated in A. 











652 I. H. HERSKOWITZ AND A. SCHALET 


TABLE 1 


Frequency of survivors receiving either two maternal X chromosomes (A) or “none” (B 


following different treatments 


\ B 
Seurce No. exceptional 9Q ¢ No. exceptional 
No. unexceptional 9 ¢ Percent No. unexceptional Percent 
induced induced 
Control X-rayed Control X-rayed 
MAvor* 2/17103 33/13063) 0.24 11/20842 189/14170 1.28 
2000r protracted 5/1521 0.38** 
Exp. I 4/5224 
2000r concentrated 28/7277 oa" 
Exp. II 2300r concentrated 3/1859 |127/6859 | 1.69*** 


* From MorGan, BripGEs and SturRTEVANT (1925). 
** Possibly overestimations. 


*** Probably an underestimation. 


in all groups were mated to Basc males in bottles. Parents were discarded at the 
end of the fourth day after completion of the irradiation and the F; females scored 
for eye shape. Bar-eyed I, females are produced from X-bearing eggs, while round- 
eyed females come from XX-containing eggs. 

Experiment II was designed to determine the frequencies of X-less eggs and of 
eggs hyperploid for the right arm of chromosome II induced by a concentrated 
dose of about 2300r of X-rays given continuously at about 1300r/min. Virgins, whose 
X chromosomes were wild type and whose II chromosomes were homozygous for 
dp cn bw, were, as before, aged and treated or untreated with X-rays delivered in 
the concentrated manner. They were then mated to males of a T(Y;2)C_ stock 
(BripGes and BREHME 1944) in which the II chromosome had been broken near 
the centromere in the right arm. The X chromosome of this stock was marked by 
y sc, the normally structured second chromosome bore dp cn bwt, and the trans- 
located II carried normal alleles of the second chromosome markers (see, however, 
footnote “‘b”’ in table 2). Parents were discarded at the end of the fourth day after 
irradiation. Diagrams of the chromosome tetrads in primary oocytes of the mothers 
and of the sex and II chromosomes of the fathers, including the relative position of 
the genetic factors involved, are given in figure 1A and 1C, respectively. 

In Experiment IT, regular I’; males have a wild type X chromosome, those derived 
from X-less eggs are phenotypically y sc and Y-less. Euploid-X eggs fertilized by 
euploid X-bearing sperm produce wild type (for X) Fi females. Half-translocation- 
bearing eggs of the type shown in figure 1B1 when fertilized by aneuploid sperm 
having an X and the left but not the right arm of II (see figure 1D) can produce 
zygotes which are euploid for the II chromosome and phenotypically y* sc+ dp* 
cn bw if females but which are y sc dp* cn bw if males (the basis for the y sc part 
of the phenotype is given in the “Discussion’”’). Regular males are y* sct dp* cn* 


bw*, regular females y+ sct dp cn bw*, while any F; from nonvirgin mothers are 
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TABLE 2 


Number of flies of phenotypes indicated obtained in F of Experiment II 


Phenotype Control Irradiated Explanation 

yt sct dp* cn* bwt oa 1852 6831 Regular 7% 
yt sct dp cn bw* 9 9 2043 7342 Regular 
yscdptcnbw dtd 0 9*\ Half-translocation made egg hyper 
y* sct dp* cn bw 92S 0 2 ploid for IIR 
yscdpcn bw aoa 3 127 Maternal nondisjunction of X 
yt sc* dp cn bw* Pa 7 17 Paternal nondisjunction of sex 
y* sc* dp* cn* bwt 2 F 2 20 chromosomes 
y* sct dp* “white-eyed” oo" 0 3 a 
yt sct dp cn* bwt Aa 0 8 b 
y* sc* dp* cn bw* 9 0 64 
vscdpenbwdd 0 - c 

Total 14,424 


* Not included in table 2. 

* Not tested further. Due possibly to mutation from w* to w in maternal X or to eggs hyper 
ploid for IIR being fertilized by nondisjunctional sperm containing IIL.Y and no other strands 
for II or Y. 

» In the T(Y;2)C stock the regular males have the genotype shown in figure 1C while the reg- 
ular females with which they are maintained in mass culture are homozygous y sc;dp cn bw*. The 
occasional appearance, in cultures of this stock, of a female which is phenotypically y sc dp* cn* 
bw*, for example, is explicable on the basis that nondisjunction in the regular male produced sperm 
carrying an X, Y.IIR, and ILL.Y which fertilized a regular egg. In such a female dp* and dp may 
crossover producing males in the next generation that are phenotypically unexceptional but ho 
mozygous for dp*. In still later generations males may be produced which are heterozygous for 
dp* having the position of the alleles reversed from what it is in the regular males of this stock. 
If males of these two types were present among the P; of Experiment II, then fertilization of unex- 
ceptional eggs by sperm of the former type of male could produce y* sc* dp* cn bw* F, females. 
Fertilization of such eggs by sperm of the latter type of male could produce y* sc* dp cn* bw* F; 
males. 

However, these exceptional F; phenotypes (““dumpy o” and “cinnebar 9”’) could also have 
resulted from half-translocation. An egg hypoploid for ITR (figure 1B2) fertilized by a sperm (from 
a regular male) containing II and Y.IIR produces a “dumpy &”, while an egg hypoploid for IIL 
fertilized by a sperm (from a regular male) carrying X, II and IIL.Y produces a “‘cinnebar 9” 

Because of the mixed origin for these exceptional F; phenotypes they are not useful in calculating 
the frequency of half-translocations. On the other hand, the only reasonable explanation for the 
phenotypes y sc dp* cn bw @ and y* sc* dp* cn bw Q is that they came from fertilization of eggs 
hyperploid for IIR (figure 1B1) by sperm which must be hypoploid for ITR, since the P; male is 
homozygous for bw* and these exceptional phenotypes are not bw*. (Accordingly, the location of 
cn* and cn in the sperm, whether in normal or reversed position, has no influence on the method 
used for detecting of eggs hyperploid for IIR.) 

© Although this male could have been the result of fertilization of an egg hyperploid for ITR by 
a hypoploid sperm containing only a IIL.Y which carried dp (see footnote b), other explanations 
for this phenotype are possible. For this reason this case is not included among those demonstrated 
to be half-translocations. 


y+ sct dp cn bw. Other phenotypes in F are given in table 2 and mentioned in the 
“Discussion”’. 

The phenotypes of normal and exceptional individuals were so distinctly different 
that any error in classification can be ruled out. The y sc dp* cn bw exceptional Fi 
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TABLE 3 
Percent mortality in different stages of development of F, from matings of noniranslocation-bearing 
males or of translocation-bearing males with nontranslocation-bearing females. No. tested 


in each stage is given in parentheses 


Stage 
Type male 

Egg Larval Pupal 
Wild type 9.2 (6065) 8.7 (1113) 16.4 (889) 
T(Y;2)C 53.8 (5762 9.0 (234) 7.2 (599) 
Increase in mortality 49 .2%* 
Wild type 16.9 (427) 3.9 (389) 1.6 (374) 
Separated arms of III 65.8 (465) 7.9 (190) 1.7 (175 
Increase in mortality 58.8°, 

*100 (53.8 9.2) + (100 — 9.2 


males were tested for fertility and the y* sct dp* cn bw exceptional F, females were 
tested in subsequent generations in order to verify their genetic constitutions. 

Experiment III determined the spontaneous mortality, using the method of 
ABRAHAMSON and Herskow!1z (1957), of eggs laid by wild type or y* sc*; dp cn bw 
females crossed to either wild type males or to males of the Y;2 translocation stock 
used in Experiment IT. Mortality during the larval and pupal stages was also de- 
termined. For reasons apparent from the ‘‘Discussion”’ wild type females were crossed 
either to wild type males or to males carrying one normal III chromosome and one 
III whose arms were separated by translocation with IV (ru h e*/ru h T3L.4L; 
4R.3R e*), and mortality during the egg, larval and pupal stages determined. 

RESULTS 

Table 1 shows the frequency of F; survivors which had received from the mother 
either two X chromosomes or none as determined in Experiments I and II, respec- 
tively, as well as the rates obtained earlier by Mavor (as reported in MorGan, 
BripGES and StuRTEVANT 1925). (The data here given for Experiment II do not 
include the nine y sc dp* cn bw male exceptions noted in the next paragraph or one 
y sc dp cn bw male exception.) 

Table 2 gives the numbers of F; flies of different phenotypes obtained in Experi- 
ment II. It can be seen that the incidence of flies euploid for the II chromosome, 
presumably derived from union of aneuploid gametes like those shown in figure 
1B1 and 1D was zero among 3895 regular flies in the unirradiated control and 
nine males and two females among 14,173 regular flies in the irradiated series. The 
nine males were sterile, as they should be were they the result of the union described, 
and the two females were proved in subsequent tests to contain the expected genetic 
constitution. 

When T(Y;2) males were mated with wild type or y* sc+; dp cn bw females there 
was 49.2 percent more egg mortality than when wild type males were mated, for 
comparison, with such females (table 3). There was, however, no greater mortality 
in larval or pupal stages in the F; of the former males than the latter when crossed 
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with wild type females. Similarly, in crosses with wild type females, males bearing 

one III chromosome whose arms were separated gave 58.8 percent more egg mor- 

tality but no greater larval or pupal mortality in F; than wild type males (table 3). 
DISCUSSION 

Failure to include any of the strands of a tetrad or the inclusion of two or more of 
these in the mature egg has been termed maternal nondisjunction. It is however 
well established (and observable also in table 1), in the case of the X chromosome, 
that after X-raying as well as spontaneously the former type of egg is produced 
more frequently than the latter. This is expected because what happens is often not 
so much the actual failure of strands to disjoin as their failure to reach one of the 
poles (in this case, the egg pole) of the meiotic division figure (see also SAFIR 1921). 
In addition, especially when radiation has been applied, there is the chance that the 
strand retained is one which has undergone a gross interstitial deletion, or that the 
strand which was to have been included in the mature egg was lost because, after 
breakage, it had formed a dicentric combination with some other broken chromosome 
strand of the same or another tetrad, or (as an “‘isochromosome’’) by union between 
the like centric chromatid fragments formed by its splitting. 

The results of Experiments I and II, in table 1, give values for 2000r and 2300r 
(designated over- or under-estimates because of the possibility that the viability 
of the exceptional flies was, respectively, more or less than that of the unexceptional 
ones) which are similar to those obtained in extensive studies by Mavor. The per- 
centages given in table 1 represent the frequency of exceptional offspring in terms 
of the number of adults of one sex surviving a maternal treatment of about 2000r. 
Since, after such treatment, mortality in the egg, larval, and pupal stages is ap- 
proximately 40 percent, 10 percent, and 10 percent, respectively (HERSKOwITz 
unpublished), the chance of a zygote surviving to the adult stage is only about 50 
percent. Accordingly, the frequency of ‘‘nondisjunction” amongst zygotes is ap- 
proximated by dividing by 4 the frequency among adult survivors of one sex. It is 
a reasonable estimate, then, that XX eggs make up about 0.075 percent and nullo-X 
eggs 0.4 percent of all those laid after 2000r treatment of oocytes. Since XX eggs 
fertilized by X-bearing sperm usually hatch as larvae (BRIDGES and BREHME 1944) 
they would not contribute much to egg mortality. However, while those nullo-X 
eggs fertilized by X-bearing sperm (0.2% of all eggs) survive as XO males, those 
fertilized by Y-bearing sperm (0.2% of all eggs) would die before hatching. If one 
assumes that whole chromosome aneuploidy occurred for the major autosomes no 
less frequently than for the X (ignoring chromosome IV, which probably always 
survives the egg stage in single or triple dose), then, since zygotes with only one 
or with three II or III autosomes die before the larval stage (see discussion below), 
this aneuploidy would cause an additional 0.95 percent egg mortality (0.075% 
plus 0.4% for each of II and III). A reasonable approximation to the total amount 
of egg mortality due to real or apparent nondisjunction for oocytes given 2000r 
is, therefore, about 1.15 percent. While that part of the apparent nondisjunction 
which is based upon multiple chromosome breakages is expected to be intensity- 
dependent, the data in table 1 do not furnish evidence that the part of it that is 
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presumably unassociated with breakage is dependent upon multiple hits, but the 
data are too meager to serve as an adequate test of this. 

Experiments II and III furnish information on the number of mature eggs carrying 
eucentric half-translocations induced by 2300r, which, when fertilized by sperm from 
wild type males, would form inviable zygotes. In Experiment II, as mentioned in 
“Materials and Methods”, exceptional eggs that were hyperploid for all or almost 
all of IIR (see figure 1A and 1B1) would become viable F; males of apparently non- 
disjunctional type (y sc) (though not actually nondisjunctional for the proximal 
part of the X) when IIR was captured by a short centric X broken at 6, and viable 
F; females (y+ sc+) when captured by some oiher centric fragment broken at any 
“a” position or in IV, if the egg, also carrying a whole II in addition to the half- 
translocation, was fertilized by an X-bearing sperm hypoploid for IIR (figure 1D). 
A sperm hypoploid for IIR would be likely to have an X chromosome as here as- 
sumed since the X would tend to disjoin from the chromosome (with IIR) having 
the main (centric) part of the broken Y. A sperm hypoploid for IIR without the X 
would, on fertilizing an egg in which IIR had been captured at any of the positions 
designated as a, give rise to a y* sct dp* cn bw male. The three or fewer such ex- 
ceptions obtained (table 2) show that, in fact, hypoploid sperm of the nondisjunctional 
type in question are rarely produced. 

One might also get a viable exceptional fly if the II chromatid was not broken 
to the right of the centromere (at position P) but in the proximal heterochromatin 
to the left of the centromere if the centric piece was capped and retained in the 
mature egg and if by nondisjunction of centromeres a complete II was also retained 
in the egg. If the number of exceptional F; flies obtained was increased by means of 
such a nondisjunction of II centromeres, then there would be to some degree a 
compensating decrease in the number of viable exceptions from a break at position 
P whenever a strand of chromosome III (broken near its centromere) capturing 
IIR underwent nondisjunction and by this means produced an egg whose aneuploidy 
would not be compensated for. If the centric strand capturing acentric IIR were 
an X broken at 6 (figure 1A) which underwent nondisjunction with another X strand, 
both entering the mature egg, then the exceptional fly would be a female. But since 
9 of 11 exceptional flies were males this means that in at least nine cases disjunction 
was normal for X centromeres while in two cases or less it was nondisjunctional. 
For the two exceptional females could have arisen also by capturing of acentric ITR 
either after breakage at a in any of the positions shown, followed by normal dis- 
junction of centromeres, or after a break in IV followed by either type of disjunction. 

The apparent superabundance of exceptional males indicates that in the group 
of cases being considered the capturing break usually occurred at 6 and was followed 
by normal disjunction. It is assumed, therefore, for purposes of the calculations to 
be made, that only one centromere of a tetrad is retained in the mature egg. The 
observed frequency of eggs hyperploid for all or almost all of IIR which were viable 
because their aneupolidy was sufficiently compensated for when fertilized by a sperm 
hypoploid for ITR was 0.04% (nine males and two females among 28,848 zygotes, 
as represented by the 14,424 F, offspring). The chance that an egg whose aneuploidy 
could be compensated for was actually fertilized by the appropriate type of sperm 





INDUCED DOMINANT LETHALITY 657 


can be calculated from the results of Experiment III. Since about 50 percent more 
egg mortality but no more larval or pupal mortality was produced when the sperm 
from the T(Y;2)C translocation-bearing male were tested with unirradiated females 
than when sperm from normal males were, it is reasonable that the excess mortality 
was due largely to the production of sperm aneuploid in regard to IIR. That non- 
disjunction in the male, of the X and the centric portion of the Y bearing the trans- 
located IIR, contributed only a relatively small amount to the excess of egg mor- 
tality has been pointed out and is shown in Experiment II (table 2). Here the 
frequency of nullo-X, nullo-Y sperm, only part of which could be detected since the 
zygote would have to receive a complete second chromosome from the sperm in 
order to survive, was 0.25 percent (17 y* sc* dp cn bw* males). Consequently, con- 
sidering in effect only two types of aneuploid sperm were produced, half of these 
being hyperploid and half hypoploid for IIR, then 25 percent of all sperm could 
compensate eggs hyperploid for IIR. Thus 25 percent of the I[R-hyperploid eggs 
actually produced would be fertilized by euploidizing sperm and be detected as 
viable exceptions. 

The frequency of eggs hyperploid for IIR actually produced by the X-ray treat- 
ment would in that case be 0.16% (0.04% X 4). This is considered a minimal fre- 
quency for several reasons. It would be somewhat of an underestimate if more than 
the two postulated types of aneuploid sperm were produced in appreciable numbers. 
Also, although overcrowding among the developing Fi was avoided, any selection 
among the males would have been greater against the half-translocation males 
(phenotypically y sc dp*+ cn bw) than the regular ones (phenotypically wild type). 
Moreover, because the chromosome strand capturing IIR is hypoploid, the number 
of viable half-translocation exceptions (of females especially) would be reduced 
because only chromosome II’s aneuploidy is ‘‘euploidized” by the sperm. Finally, 
it should be noted that there probably were some half-translocations whose aneu- 
ploidy for IIR was not exactly compensated for by the sperm (the break sometimes 
being far within the euchromatic portion of that arm). It is very likely then that the 
actual frequency of eucentric half-translocation producing hyperploidy of all or 
most of IIR is very much greater than 0.16 percent. This estimate would not be 
lowered by any chance greater than random for the two centric pieces of the strands 
broken (one of which joined in a eucentric half-translocation) to remain together 
either in the egg or polar body. 

A break could occur also in the proximal heterochromatin of IIL, from which the 
distal fragment could then be captured, resulting in eggs hyperploid for IIL. Because 
the length of the proximal heterochromatin on either side of the centromere of IT 
is approximately equal, the frequency of mature eggs hyperploid for IIL by the 
half-translocation event described, would be roughly equal to that calculated for 
eggs hyperploid for IIR. The same is true for the heterochromatic regions on either 
side of the centromere in III, so that the frequency of mature eggs hyperploid for 
one arm of II or III may on our assumption of 0.16 percent for that of ITR be reck- 
oned to be 0.64% (0.16% X 4 arms presumed to be equally likely to become hyper- 
ploid). Since capping of a centric arm of ITI or IIT with the consequent production 
of mature eggs hypoploid for one arm of these chromosomes (for example. see figure 
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1B2) is probably as likely as the capturing of these arms it might therefore be ex- 
pected that after about 2000r are given intensely to oocytes 1.28 percent of the eggs 
produced would be hyperploid or hypoploid for one arm of II or III. 

The data in table 3 show that from T(Y;2)-bearing males the aneuploid gametes 
(mostly hypo- or hyperploid for IIR) kill during the egg stage, but not in appreci- 
able amount in later stages. The same is true for the aneuploid gametes, from the 
males bearing a chromosome III with separated arms, which are probably mostly 
hypo- or hyperploids for ITIR. These results make it very likely that hypo- and hyper- 
ploids for any arm of II or III cause death before the larval stage, and this would 
be expected also to hold for cases of aneuploidy of all of II or III. Accordingly, in 
Experiment II, the half-translocations of nearly an entire arm are calculated to 
produce 0.64 percent egg mortality for each of the arms of IT and III. 

The data of MuLLER and Herskowir1z (1956) support the view that the great 
majority of half-translocations arise in oocytes in which only one union of the two 
necessary to produce a reciprocal translocation had taken place. This is taken to 
mean, then, that in those cases where the half-translocation entered the mature egg, 
the other centric piece was unjoined and cast into a polar body. In view of the evi- 
dence presented that disjunction of centromeres is usually normal in a tetrad in- 
volved in a half-translocation, it is reasonable that the reciprocal event, whereby 
the unjoined centric piece was retained in the mature egg while the half-translocation 
was cast off into a polar body, would be equally frequent. Accordingly, about 1.28 
percent of all zygotes would be expected to die because they carried such a maternal 
unjoined centric fragment originating in the manner described. There might also 
be many cases of centric unjoined fragments in eggs after meiosis which resulted 
from a single unrestituted break or from multiple unrestituted breaks (none entering 
into half-translocation) in the oocyte. However, it may not be correct to calculate 
(from a Poisson distribution) the frequency of such events on the basis of the half- 
translocation frequency. For it is possible that in the absence of an interchange 
union (as half-translocation) the broken ends usually restitute, and that after an 
interchange union there is a much higher likelihood that the remaining pieces will 
fail to join with each other. This situation might be especially likely to obtain in the 
oocyte where the three unbroken members of a tetrad act, by means of synapsis, 
as a splint for the broken fourth member. On the other hand, when the monads in 
sperm are broken the pieces are unrestricted in their movements at the time joinings 
take place. 

It is reasonable to assume that the union which produced a half-translocation 
could have been just as frequently dicentric as monocentric. If the orientation of 
centromeres to the poles is uninfluenced by dicentric formation, then for each 16 
oocytes containing a dicentric, two eggs would have a bridge at anaphase II and one 
mature egg nucleus would contain the dicentric. Egg mortality from this source, 
then, could be 0.96 percent of all mature eggs (3/16 XK 1.28% X 4) (the factor 4 is 
used on the reasoning that the frequency of half-translocations in primary oocytes 
is + times the frequency observed in the ‘‘haploid”’ egg). 

Of the approximately 40 percent egg mortality induced by a concentrated dose of 


2000r about one half, or 20%, is intensity-dependent. The above calculations identify 
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about 3.5 percent egg mortality, derived from eggs carrying either a eucentric half- 
translocation (1.28%), or its reciprocal unjoined centric piece (1.28%) or the re- 
duction products of a dicentric half-translocation (0.96%) formed in the oocyte. 
This identified multibreak, intensity-dependent component of egg mortality is 
considered minimal for the reasons already given. 


SUMMARY 


Experiments are described which determined the frequencies with which about 
2000r delivered in an intense manner to oocytes produced real and apparent non- 
disjunctions of the X chromosome or eucentric half-translocations resulting in mature 
eggs hyperploid for all or almost all of IIR. The product of the latter event, inviable 
in the egg stage after fertilization by normal sperm, was made viable, by crossing 
treated females to males which produce sperm some of which are hypoploid for IIR, 
and also recognizable, by both parents having their chromosomes suitably marked 
with genetic factors. 

From the data obtained and available in the literature it is roughly estimated that 
1.15 percent of egg mortality is due to real or apparent nondisjunction of the X, IT 
and III chromosomes. As minimal values it is reckoned that (1) 1.28 percent of egg 
mortality is produced by eucentric half-translocations resulting in hypoploidy or 
hyperploidy of all or almost all of one arm of a major autosome, (2) 1.28 percent 
egg mortality is due to eggs carrying the unjoined centric piece reciprocal to the 
centric piece joined in half-translocation, and (3) 0.96 percent due to lethality of 
the gametes produced from oocytes forming a dicentric half-translocation. 

The genetic basis for at least 1/9 of the 40 percent egg mortality induced by 2000r, 
including 1/6 of the established intensity-dependent component, is thus accounted 
for. 
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T has been established for some time, especially by the phenomenon of photo- 
recovery, that the mutation process initiated by ultraviolet light requires ap- 
preciable time for completion; it is becoming increasingly evident that this is also 
true of ionizing radiation. Earlier work on this problem is reviewed by McELroy and 
Swanson (1951), DemMerec (1955), NewcomBeE (1955), and HOoLLAENDER and 
KIMBALL (1956). Recently several cases of postirradiation modification of the X-ray- 
initiated mutation process have been reported by ANDERSON and BILLEN (1955), 
HOLLAENDER, BILLEN, and Doupney (1955), and HOLLAENDER and STAPLETON 
(1956) for Escherichia coli and by NEwcomBE (1955) and WAINWRIGHT and NEVILL 
(1955) for Streptomyces. 

KIMBALL (1957), in a preliminary report, has indicated that various treatments, 
which slow growth and division, decrease lethal and deleterious mutation in X-irradi- 
ated Paramecium aurelia. One of these treatments, postirradiation exposure to 
streptomycin, is especially useful for experimental analysis; and the present paper 
reports this work in more detail. The experiments show that selection of less mutant 
nuclei or individuals is not responsible and have led to the hypothesis that the effect 
on mutation is a consequence of the effect on growth. 


MATERIALS AND METHODS 


The methods of irradiation were the same as those used previously (KIMBALL and 
GAITHER 1956). The source was a GE Maxitron 250 operated at 250 kvp and 30 ma 
with 3 mm of Al added filtration (half-value layer 0.55 mm of Cu) and an intensity 
of approximately 1500r per minute. 

Stock 51S (variety 4) animals in division were chosen and irradiated at some 
moment, usually an hour, after division. Within 5 to 20 minutes after irradiation, 
the paramecia were isolated, one at a time, into bacterized culture medium or strep- 
tomycin medium. The latter was bacterized culture medium to which streptomycin 
sulfate (Lilly) was added in the desired concentration. At the end of the treatment 
with streptomycin the animals were transferred individually to culture medium and 
kept thereafter as daily isolation lines of descent. The leftover animals from the 
third, occasionally the second, to the sixth or seventh daily reisolation were allowed 
to exhaust the food and undergo autogamy and 25 autogamous animals were isolated 
from each line of descent. 

The exautogamous clones were allowed to multiply for four days in a limited 
quantity of culture fluid, and then scored for survival and amount of growth. Clones 
that reached a maximum population were scored as normal, all others as not normal. 


* Operated by Union Carbide Nuclear Company for the Atomic Energy Commission. 
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The percentage frequency of normal clones is inversely related to the amount of 
mutation (KIMBALL 1949) and is the quantity given in the tables and figures. Tests of 
significance were made with a variance-equalizing transformation of this frequency 
developed for the purpose by Dr. A. W. Kimpatt of the Mathematics Panel of the 
Oak Ridge National Laboratory. We are much indebted to Dr. Krupa for numerous 
discussions of this problem and for performing several of the tests of significance. 


RESULTS 
Time relations 


The relations between the amount of mutation and the variables, streptomycin 
concentration, time in streptomycin, and time between irradiation and streptomycin 
treatment, are shown in figure 1. The effect on mutation increases continuously 
with concentration (curve A) but in most work 3 mg/ml was used because higher 
concentrations sometimes caused too much death. Streptomycin produced its maxi- 
mum effect with an exposure of between 2 and 4 hours (curve B) and longer exposures 
were without further effect. Statistically, the effect at 114 hours was significantly less 
than maximum, demonstrating that the mutational process is modifiable for at least 
this long when the animals are kept in streptomycin. The modifiable processes appear 
to be of shorter duration when animals are not in streptomycin since the effect is 
considerably less if a half hour elapses between irradiation and treatment (curve C). 
Other experiments, shown in table 1, demonstrate that little, if any, effect can be 
produced by treatments started an hour or more after irradiation. 
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Ficure 1.—The relation between the percentage frequency of normal clones and A—concentra- 
tion of streptomycin in a 3-hour exposure starting shortly after irradiation; B—time of exposure to 
3 mg/ml of streptomycin starting shortly after irradiation; C—time between irradiation and start of 
4-hour exposure to 3 mg/ml of streptomycin. The irradiated controls without streptomycin produced 


23.6 percent of normal clones. The X-ray dose in all cases was approximately 4.5 kr. 

















POSTIRRADIATION MODIFICATION OF MUTAGENESIS 663 


TABLE 1 


Experiments on the effect of time between irradiation and streptomycin treatment 


Time after division when 


¢ : Number of treated Percentage frequency 
Experiment ae —' animals (25 autogamous of normal exautogamous 
Irradiated aut in clones each) clones 
1 70 min 40 19.1 
90 min 40 27.6 
24 hrs 40 20.7 
2 60 min 54 24.3 
70 min 54 43.6 
26 hrs 54 23.4 
3 70 min 40 42.0 
80 min 40 61.4 
140 min 40 45.3 
460 min* 40 46.2 
4 45 min 60 26.2 
55 min 60 41.1 
180 min 60 26.8 


* This group completed the division after irradiation at about 390 minutes and all had completed 
division before they were put into streptomycin. 


Further information on the time limits of the modifiable process are obtained 
from experiments in which paramecia were irradiated at various stages in the inter- 
division interval and put into streptomycin for three hours starting as soon after 
irradiation as possible. Dividing paramecia were picked out of isolation cultures dur- 
ing appropriate 15-minute intervals before irradiation, and all were irradiated at the 
same time. Groups of dividing animals, picked over a 15-minute interval, have about 
a half hour span between the first and the last division. 

The day after irradiation, each group was divided into approximately equal num- 
bers of ‘‘fast”’ and ‘‘slow” animals on the basis of their division rate, and mutation 
rates were obtained for the two groups separately. In plotting figure 2, we assumed 
that the fast group divided at the midpoint of the collection interval and the slow 
group 15 minutes later. 

The data in figure 2 for animals not given streptomycin posttreatment show that 
there are two main changes in sensitivity during the interdivision interval. The 
first, the abrupt decrease in sensitivity midway in the interval, has been known for 
some time (KrmpaLt 1949) and has been shown to take place in late interphase 
(KimBat 1955). The gradual increase in sensitivity during the first half of the in- 
terval was found for the first time in these experiments. The increase is not great but 
is significant at the one percent level in the data on which the figure is based. 

The figure shows that posttreatment is effective only when the animals are irradi- 
ated during the sensitive period and even then there is no significant effect when 
animals are irradiated late in this period. This latter finding has been confirmed by 
further experiments at a lower dose (table 2). There is no significant effect of strepto- 
mycin on animals treated in the insensitive period, either in the data for figure 2 or 
in further experiments at higher dose. 











064 R. F. KIMBALL, N. GAITHER AND S. M. WILSON 








” 

WwW 

= TIME OF IRRADIATION AND STREPTOMYCIN EFFECT 

a 

© 100+ 

od A _ Ene eee ee 

2 4500 r OF X RAY Pt dass 

: © STREPTOMYCIN (3 mg/ml) FOR 3 hr © 

@ 807 © No STREPTOMYCIN 

[wa 

= 

q 

x< 4 

x 60 

a 

= 

& 40-7 

= bh i 

WW i, re: 

5 e 

< 204 oom 

2 eo 

Ww 

rs) 

a 

a 1@) + T T T 7 

~ z { 2 3 4 z5 
a TIME BETWEEN DIVISION AND IRRADIATION (hr) of 
S a 
S a 

FiGuRE 2.—The relation between the percentage frequency of normal clones and the time after 


division at which the paramecia were irradiated with approximately 4.5 kr. The total interdivision 
interval is about five hours in animals not treated with streptomycin but-about twice as long with it. 
Curve with solid circles, no streptomycin; with open circles, 3 mg/ml of streptomycin for three hours 
starting shortly after irradiation 


Selection 

One of the difficulties that frequently beset experiments on postirradiation effects 
on radiation damage is selection. In P. aurelia, three kinds of selection must be con- 
sidered: (1) selective loss of treated animals or their vegetative descendants, (2) 
selective elimination of one of the two micronuclei during vegetative reproduction, 
and (3) selective elimination of some of the products of meiosis during autogamy. 
All three types have been excluded by experiments to be detailed in this section. 

Selective elimination of treated animals or their progeny can be excluded by the 
following considerations. Each irradiated animal and its progeny was kept as a sepa- 
rate isolation line during and after treatment with streptomycin, and a record was 
made of those that died or failed for any other reason to produce autogamous de- 
scendants. Streptomycin causes appreciable death by slowing down the movement 
of the paramecia to such an extent that they are more likely than usual to be caught 
and crushed in the meniscus around the edge of the fluid drop. This kind of death is 
a priori not likely to be selective, but even if it were, it could not account quantita- 
tively for the results. In five experiments involving 254 streptomycin treated animals 
and 234 irradiated controls, there was 13 percent death in the former and 2.6 percent 
in the latter. On the assumption that the dead animals, if they had survived, would 
have produced nothing except poorly growing mutant clones at autogamy, the 
streptomycin group would have produced 33.1 percent normal exautogamous clones 
compared to 20.9 percent for the irradiated instead of the 38.1 percent and 21.5 
percent actually found. Therefore the difference is still nearly as large after maximum 
allowance is made for possible selection. 
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Selective loss of micronuclei can also be ruled out, as shown by table 3. In one 
streptomycin experiment, leftover animals from the daily isolation lines were fixed 
and stained one and two days after irradiation, and the micronuclear number as- 
certained. The results for the two days are combined since no significant difference 
was found between them. The isolation lines were carried through autogamy in the 
usual way, and a typical effect of streptomycin on mutation was found. Nevertheless, 
the frequency of abnormal micronuclear numbers was the same in the two groups, 
from which it can be concluded that selective loss of micronuclei did not occur. 

Finally, selection among the meiotic products during autogamy must be con- 
sidered. Eight meiotic products are formed from the two micronuclei, but only one 
survives to form the functional gamete nuclei. KIMBALL and GAITHER (1955) have 
shown that normal meiotic products are favored when in competition with the grossly 
deficient meiotic products of haploid micronuclei. They (1956) have further shown 
that radiation decreases this selective effect so much that the deficient products are 
no longer at a disadvantage and may even be at an advantage. The nature of this 
radiation-induced decrease in the selective effect is not understood, but it is inherited 
during vegetative reproduction. The hypothesis to be tested is that normal meiotic 
products have a selective advantage over those carrying recessive lethal and deleteri- 
ous mutations, and that streptomycin prevents a radiation-induced decrease in this 
advantage. 

If this were the case, streptomycin should have distinctly less effect on clones with 
only one micronucleus since the opportunity for selection would be appreciably 
less with only four instead of eight meiotic products. Clones with one micronucleus 
arise spontaneously at a low rate. Such a clone was obtained and, very fortunately, 
produced a subline with two micronuclei. These two parts of the same clone, one with 
mainly one and one with mainly two micronuclei, were used in the experiment sum- 


TABLE 2 


Effect of time between division and irradiation (2.2 kr) on the streptomycin effect 


. sos . Number of treated animals | Percentage frequency of nor- 
vez adiz ) Stre a" 4 a é c 6 3 
Age at irradiation (hr streptomycin (25 autogamous clones each) mal exautogamous clones 
1} — 180 44.7 
1 + 180 59.7 
2! < 180 41.7 
2! + 180 42.1 
TABLE 3 


Streptomycin and micronuclear number in animals irradiated with 4.6 kr 


Determination of number of micronuclei 
Percentage 
frequency 
of normal 
exautogamous 


s Jerce age fre > , aT } ics m 
Streptomycin : ; Percentage frequency with indicated 
Number of number of micronuclei 
animals 


clones 

0 1 2 3 >3 
+ 1594 2.57 6.09 75.16 12.92 3.26 43.6 
— 1287 49 7.61 75.51 12.98 2.18 24.3 
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TABLE 4 


Com parison of the streptomycin effect in unimicronucleate and bimicronucleate sublines of a single clone 


Percentage frequency* of 


Number of micronuclei per animal 
: igs normal exautogamous clones 


Subline Percentage frequency No X-rays X-rays (4.5 kr 
Total 
animals Q , i. 2 a No strep- No strep Strepto 
6 tomycin tomycin mycin 
1 564 4.26 83.33 9.93 1.95 0.53 85.7 11.9 5 9 ae | 
2 597 1.51 14.91 74.04 7.54 2.01 91.9 20.3 35.3 


The percentage frequencies are based on 40 groups of 25 for each of the unirradiated groups and 
60 for each of the irradiated groups. 


marized in table 4+. The table shows the micronuclear counts made on the leftovers 
from the isolation lines of the experiment. The micronuclear number was not entirely 
stable in either subline, but the great majority of the animals had the proper number. 
There was no significant difference in the streptomycin effect between the two sub- 
lines; but the frequency of normal clones was uniformly lower in the subline with one 
micronucleus, quite possibly because selection of meiotic products was less effective. 
Alternatively, the lower frequency may have resulted from the greater frequency of 
amicronucleate animals, which would be expected to produce mainly poorly growing 
descendants when they attempted autogamy. The observed frequency of amicro- 
nucleates is too low to account for the difference between the sublines; but micro- 
nuclear number was ascertained for well-fed animals, and the starvation, which 
precedes autogamy, may have induced a higher frequency. Thus the results suggest 
but do not prove a selective disadvantage for mutant meiotic products. It is clear, 
however, that streptomycin does not act by modifying this selection. 
DISCUSSION 

It has been difficult in some of the work with posttreatment effects on mutation 
in microorganisms to exclude artifacts of selection and detection. Paramecium has 
the advantage that selective effects can be excluded by relatively simple experiments, 
and the treatment and detection procedures are sufficiently separated in time that a 
direct influence of the treatment on detection of mutations cannot have occurred. 
Thus it is possible to demonstrate beyond reasonable doubt that it is the mutation 
process itself that is modified. 

The nature of the mutational events are, however, less well known in Paramecium 
than in some other organisms. KimBaLvt (1949) concluded from the lack of a frac- 
tionation effect with beta particles that two-hit aberrations did not contribute im- 
portantly to recessive mutations. The lack of a fractionation effect has been con- 
firmed for stock 51 and for X-rays. Thus reunion of independently produced breaks 
is probably not involved in the streptomycin effect. 

There is also some suggestive, but not conclusive, evidence that large single-hit 
losses are not major contributors to mutation in the dose range used. KIMBALL and 
GAITHER (1956) report that the loss of either of two independently assorting genes 


was very rare after conjugation between an unirradiated tester stock and paramecia 
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given 20 to 60 kr of X-rays. Moreover, they (1955) also show that aneuploidy for 
the whole chromosomes bearing these genes is not sufficiently deleterious to interfere 
with the detection of losses. Even with 40 pairs of chromosomes (D1ppELL 1954), these 
genes should have been lost much more frequently if terminal losses from random 
breaks produce any large fraction of the recessive lethal and deleterious mutations. 
Since only two genes were available, it is possible that they were lost infrequently 
because they were on very small chromosomes or were located near the centromeres; 
but the rarity of loss makes it more probable, than would otherwise be the case, that 
most of the recessive lethal and deleterious mutations in Paramecium are point muta- 
tions or small deletions. 

In an abstract, KIMBALL e/ al. (1956) have reported that exposure to streptomycin 
after X-irradiation increased mutation whereas in all recent work there has been a 
very consistent decrease. The conditions of the earlier experiments were somewhat 
different from the present ones, but the original effect cannot now be repeated under 
the original conditions. There are indications that streptomycin had a greater effect 
on growth in the earlier work than in the more recent work, but no clear-cut explana- 
tion for the discrepancy can be offered. We have no reason to doubt the validity of 
either set of results and can only conclude that there are unknown conditions under 
which streptomycin increases mutation. The possibility that agents that increase 
mutation may be found will be mentioned again later in connection with our hy- 
pothesis. In any case, streptomycin regularly and repeatably decreases mutation 
under the conditions in which the present experiments were carried out. 

The various observations on the streptomycin effects and on the changes in sensi- 
tivity during the interdivision interval can be brought together into a single hy- 
pothesis. The data show that some component in the mutational process does not 
produce irrevocable mutation until approximately the middle of the interdivision 
interval. It will be hypothesized that this component undergoes spontaneous rever- 
sion and only the portion that is left at the end of the sensitive period is converted 
into established mutations. It is tempting to think that this conversion is related 
to chromosome replication and that the sudden shift from sensitive to insensitive 
marks either the beginning or the end of replication, if indeed the whole replication 
process is not rapid enough to be confined within the brief period over which the 
sensitivity changes rapidly. Streptomycin and other agents that slow growth can 
then be thought of as allowing more time for recovery from the labile portion of the 
mutational process, and the increased sensitivity as the end of the sensitive period 
is approached can be accounted for by the decreased time available for recovery. 
The very sharp break in sensitivity is not specifically accounted for, but the hypothe- 
sis does predict that the mutationa! process wil! be different before and after the 
irreversible establishment of mutation. 

KIMBALL (1957) mentions that low temperature and starvation retard growth and 
division more than streptomycin but have less effect on mutation, and this may seem 
to contradict the hypothesis. Actually, it is the result expected if the recovery process 
requires some part of cellular metabolism; for in that event some agents, especially a 
nonspecific agent such as low temperature, would be expected to delay both the 
recovery process and the moment at which mutations are irrevocably established, 
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whereas more specific agents might affect the latter differentially. It would also be 
predicted that agents will be found that delay the former process differentially and 
so increase mutation. 

Some of the results of others with ionizing radiation might also be interpreted 
in.this way. Thus in Escherichia coli, ANDERSON and BILLEN (1955) report that sub- 
optimal temperatures after irradiation reduce mutation with a minimum in mutation 
at around 18°C. NewcomBe (1955) and Wartnwricut and NEvILL (1955) report 
that postirradiation incubation at suboptimal temperatures or in distilled water 
decreased mutation in Streptomyces. On the other hand, these latter workers report 
that iodoacetate increases mutation, perhaps an indication of the differential effect 
suggested in the previous paragraph. Decreases in mutation have also been reported 
for procedures that would be expected to retard growth and division for MnCl. 
treated bacteria by DemMEREc and HANson (1951) and for ultraviolet treated bacteria 
by Witkin (1953) and Berrie (1955). 

This latter work has been continued by Wirktn (1956) and has led to a series of 
results that are so similar to those reported here as to justify the conclusion that the 
same phenomenon is involved. WITKIN finds very much the same time limitations 
for the period during which the mutational process is modifiable and demonstrates 
that inhibition of protein synthesis decreases mutation, a finding that is compatible 
with but not demonstrated by the Paramecium results. The hypothesis that WITKIN 
advances to explain the bacterial results differ from that given in this paper, but 
there is as yet no evidence that would allow an unequivocal choice between them. 
The delay hypothesis is presented here because it seems to us to give the most natural 
and unstrained explanation of the Paramecium results, not because other hypotheses 
can be rigorously excluded. 


SUMMARY 


1. The number of X-ray-induced recessive lethal and deleterious mutations in 
Paramecium aurelia can be reduced by exposure after irradiation to streptomycin. 

2. This effect can be produced only in animals irradiated during the first half of the 
interdivision interval and only when the treatment is started within less than an 
hour after irradiation. 

3. Possible selective effects of streptomycin have been excluded; consequently, it 
must modify, directly or indirectly, the mutational process itself. 

4+. On the basis of the studies on posttreatments and on changes in sensitivity 
during the interdivision interval, it is hypothesized that at least part of the mutational 
process is not completed until late interphase, perhaps at the time of chromosome 
replication. Until the process is completed it is subject to spontaneous reversal, and 
agents that retard growth reduce mutation by allowing more time for this reversal 
to occur. Perhaps they also influence the rate of the recovery process. 
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THE X INTERNATIONAL 
CONGRESS OF GENETICS 


The X International Congress of Genetics will be held at McGill University, 
Montreal, Canada, from August 20-27, inclusive, 1958. Congress Commit- 
tees are now actively preparing for your arrival and raising funds for travel 
grants, particularly for overseas geneticists. 


The programme will include symposia, invited papers, short contributed 
papers, demonstrations, other meetings and exhibits. There will be a special 
exhibit on “The Role of Genetics in the Service of Man.” Also, we are pre- 
paring an interesting programme for the ladies and children and the latter 
will be cared for in a “Progeny Park.” 


Pre- and post-Congress tours both local and extending through eastern parts 
of Canada and the United States are being arranged. University residences, 
hotels, tourist homes or camping facilities can be arranged for members and 
their families. 


Overseas transportation should be arranged very soon as travel accoimmoda- 
tion is already being heavily booked for 1958. Family travel plans should be 
investigated. 


If there is any possibility that you will be able to attend, we ask you to fill 
in the information requested below and send it to us immediately. 


The Secretary General. 


PROFESSOR J. W. BOYES, 
Department of Genetics, 
McGILL UNIVERSITY, 
MONTREAL 2, P.Q., CANADA. 


Please send me further information regarding the X International Congress of 
Genetics. 
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GENETICS SOCIETY OF AMERICA 


EXECUTIVE COMMITTEE 


President, R. A. BRINK Vice-President, C. P. OLIVER 


Past Presidents, P. C. MANGELSDORF, R. E. CLELAND 


Secretary, H. B. NeEwcomst Treasurer, R. D. OWEN 
\tomic Energy of Canada Ltd. Calif. Institute of Tech., 
Chalk River, Canada Pasadena 4, Calif. 


“The Genetics Society of America is organized to provide facilities for association and conference 
among students of heredity and for the encouragement of close relationship between workers in 
genetics and those in related subjects. All persons actively interested in any field of genetics shall 
be eligible to active membership. Candidates for membership must be recommended by two mem- 
bers of the Society. Members shall be elected by the Executive Committee.””—Constitution, Article I. 

Any one interested in joining the Society should write to the Secretary. 

The Genetics Society publishes annually the Records of the Society containing the program and 
abstracts of the Annual Meeting and others items of interest to members, including a membership 
list at periodic intervals. Total membership of the Society was 1017 on January 1, 1956. Copies 
of the Records may be obtained from the Treasurer for $1.00. The Genetics Society has a representa- 
tive on the Editorial Board of Genetics, Tracy M. Sonneborn. 


SUSTAINING MEMBERS 


The Genetics Society of America established in 194) a new type of membership, Sustaining Mem- 
bers. The constitution provides that “All organizations interested in any field of genetics shall be 
eligible to sustaining membership.” The dues for sustaining members are $50.00 a year. 

Money contributed by Sustaining Members is not used for running expenses of the Society, but 
is used for special purposes as decided by the Executive Committee. At the meeting of the Execu- 
tive Committee on August 28, 1956, $500.00 was allocated to GENETICS as a means to speed 
publication of genetical articles or to increase the number of pages per volume. 

The following organizations became sustaining members of the Society in the years indicated: 


Associated Seed Growers DeKalb Hybrid Seed Co. Moews Seed Co. 

New Haven, Conn.—1950 DeKalb, Ill.—1949 Granville, Ill.—1949 

Bear Hybrids Corn Co. Ferry-Morse Seed Co. Nichols Poultry Farm 
Decatur, [l].—1950 Detroit 31, Mich.—1949 Kingston, N. H.—1950 
W. Atlee Burpee Co. Funk Brothers Seed Co. Pioneer Hi-Bred Corn Co. 
Philadelphia 32, Pa.—1950 Bloomington, Il].—1950 Johnston, Iowa—1949 


Kimber Farms 
Niles, California—1953 


This page is donated by GeNeEtIcs to the GENETICS SocrETy OF AMERICA. The society and the 
journal are separate organizations with a common bond of interest in furthering the science of he- 


redity. 











INFORMATION FOR CONTRIBUTORS 


Contributions to GENETICS may be in the field of genetics proper, or in any scien- 
tific field, if of such a character as to be of primary genetic interest. 

The length of manuscripts will be limited to twenty printed pages, including 
tables and illustrations. Longer papers may be published by special vote of the 
Editorial Board and, ordinarily, only if the author agrees to bear the cost of the 
additional pages. In case unusually extensive tabular material cannot be printed, 
it will be kept on file on request, provided two copies are furnished by the author. 

The Galton and Mendel Memorial Fund established in 1923 from donations of 
biologists and other persons interested in the progress of biological discovery is 
available to be applied toward the cost of reproducing illustrations and of printing 
expensive tables and formulae. 

Authors should submit two copies of their manuscripts to the Editors. Manu- 
scripts should conform to the general usage in GENETICS, particularly in regard to 
references to literature, arrangement of “Literature Cited” and inclusion of a “Sum- 
mary’’. Excessive footnotes should be avoided. Legends for figures and plates should 
be typewritten on separate pages. Tables should be on separate pages. Material for 
figures should be original drawings (clear photographs usually are satisfactory for 
line drawings) and should be of a size permitting slight reduction on the printed 
page. Photographs and drawings substantially larger than a typewritten page should 
not be sent; they are difficult to handle and are likely to be damaged in the mail. 
Reviewing of the manuscript is facilitated if photographic copies of the figures are 
included. 

The manuscript of a published paper will not be returned unless the author so 
requests. 

Galley proofs will be sent to authors but page proofs will be sent only in excep- 
tional cases. Authors should leave forwarding directions whenever they are away 
from the address sent with the manuscript or should make other arrangements to 
have the galleys corrected promptly. 

Reprints should be ordered directly from the printer at the time galley proof is 
returned to the Editors. The author will be billed in accordance with the schedule 
of charges appearing on the reprint order blank. Copies of the schedule are available 
from Genetics, Inc., Mt. Royal and Guilford Avenues, Baltimore 2, Md. 

Manuscripts and editorial correspondence should be addressed to the Editors of 
GeENETICs, Experimental Science Building 122, University of Texas, Austin 12, Texas. 
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